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ABSTRACT

MECHANICS OF HYDROGELS AND BIOLOGICAL TISSUES
SEPTEMBER 2009
JESSICA A. ZIMBERLIN, B.S., B.A., UNIVERSITY OF CONNECTICUT
M.A., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Alfred J. Crosby

The relationship between cells and their environment is one of dynamic
reciprocity, whereby cells can influence their surrounding and the surroundings can
influence the cells. One example of this relationship arises from the effect of the
mechanical properties of an environment on a cell and of a cell on its environment.
Inspired by this relationship, we investigate 1) the local environment of biological
materials, both native and synthetic, and 2) the forces that cell sheets exert on surfaces.
We do this by developing techniques that focus on local mechanical properties and
experimental strategies that provide insight into intercellular mechanics.
We first focus on determining local mechanical properties of hydrogel materials
by developing the Cavitation Rheology technique. This process involves inducing a
cavitation event at the tip of a syringe needle. We develop theory to show that the
critical pressure to cavitate can be directly related to the modulus of the material
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(Chapter 2). This allows us to experimentally determine the mechanical properties at
arbitrary locations throughout a material scaffold over a range of length scales defined
by the needle radius (Chapter 3). We then demonstrate that we can viturally elminate
the energy contribution from the creation of new surface area to the critical pressure by
cavitating with a media of lower surface energy (Chapter 4). In chapter 5, we show that
Cavitation Rheology can be used on native biological tissues and we go on to
demonstrate the importance of measuring the mechanical properties in vivo.
We then focus on understanding the force development of cells as they grow to
confluency on a dynamic substrate (Chapter 6). We demonstrate the method of living
microlenses to measure the collective strains cell sheets attain by growing cells on a thin
polystyrene film supported by a surface of microwells. The cells cause the film to
buckle and the resultant buckling can be directly related to the strain. We use this
technique to study the strains exerted by various cell types and to determine the
importance of the cell-cell junctions on the strain development.
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CHAPTER 1
1.0
INTRODUCTION
INTRODUCTION
1.1

Project Overview

The relationship between cells and their environment is one of dynamic
reciprocity, whereby cells can have a profound influence on their surrounding and at the
same time, the surroundings can influence the cells. One example of this dynamic
reciprocity arises from the effect of mechanical properties of an environment on a cell and
of a cell on its environment. It has been shown that different cells naturally prefer
surfaces or matrices of different mechanical properties (1-3). This was demonstrated by
Lo et al., where they observed that cells growing on poly(acryl amide) substrates with
varying moduli preferentially migrate to the stiffer half of the material and do not migrate
back across the boundary (4) and by Engler et al., where they demonstrated that stem
cells can differentiate to different cell types based only on the stiffness of the matrix on
which they are grown (5). Conversely, it has been shown that cells can exert forces on
their surroundings (6). These contractile forces can be strong enough to remodel their
extracellular matrix and allow the cells to perform such tasks as wound closure (7-9) and
muscle contraction (10). The balance between the mechanical properties of the cells and
the mechanical properties of their surroundings must be further studied in order to fully
understand their dynamic relationship.

This deeper understanding will help provide

further insights to early tissue development.
Our research characterizes this dynamic relationship by studying the mechanical
properties of biologically relavent matrices on cellular length scales and the forces
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growing cell sheets exert on their surroundings. We do this by developing techniques that
focus on local mechanical properties and experimental strategies that provide insight into
intercellular mechanics.
This thesis is split into two parts. Part I focuses on characterizing the forces
exerted on cells in three-dimensional environments. We developed a technique called
Cavitation Rheology that measures the local elastic modulus on the length scale of the
cells that would inhabit them. This process involves inducing a cavitation event at the tip
of a syringe needle located within the matrix; thereby quantifying the local mechanical
properties of hydrogels at arbitrary locations throughout a material scaffold over a range
of length scales defined by the needle radius.

Using this technique, the relative

homogeneity of both synthetic and native matrices can be probed, making this technique
critical to fields ranging from tissue engineering to food science.
The study of the forces exerted by the cells on their surroundings in three
dimensions is more challenging and up to now has generally only been looked at on a
single cell basis in two dimensions. To build on this previous work, part II focuses on
understanding the force development of cells as they grow to confluency on a dynamic
substrate. We demonstrate a new experimental method of living micolenses whereby we
can measure the collective strains exerted by monolayers of cells by growing cells on a
thin polystyrene film supported by a surface of microwells. The collective strain exerted
on the surface forces the polystyrene to buckle, forming a surface of microlenses. Using
this technique, the collective nature of the cells can be compared to that of a single cell.

2

1.2

Thesis organization

Part I consists of four chapters on Cavitation Rheology [CR]. In Chapter 2, I
discuss the current techniques available to characterize soft materials including shear
rheometry, contact mechanics, and microbead rheometry.

I then focus on the

development of the CR technique and describe the mechanics of the cavitation instability
within a bulk material and how they change for cavitation at the tip of a syringe needle.
In Chapter 3, I demonstrate the ability of CR to characterize two model hydrogel
systems: poly(vinyl alcohol) and a hydrogel of the triblock copolymer poly(lactic acid)poly(ethylene oxide)-poly(lactic acid) and using multiple cavitation experiments per
sample, we determine the relative homogeneity of these hydrogel systems. The average
modulus value for each hydrogel is compared to modulus values measured by the more
traditional technique of shear rheometry. I also use CR to measure the gel point of a
hydrogel undergoing the transition from a more liquid-like state to a more solid-like state
and take advantage of the unique ability of CR to measure the local mechanical properties
by quantifying a hydrogel of gradient modulus.
In Chapter 4, I show that cavitation experiments can be performed with fluids that
have negligible interfacial tensions with the surrounding hydrogel. Using water as the
cavitation media in 10 wt% polymer, poly(vinyl alcohol) hydrogels, I demonstrate that the
critical pressure to induce cavitation is directly related to the elastic modulus of the
surrounding network, and is nearly independent of length scale, even using radii as small
as 2.5 m.
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In Chapter 5, I use CR to study biological tissues in the eye and demonstrate the
significance of determining the properties in in vivo settings. My research demonstrates
this signficance by studying the mechanical properties of the vitreous, a hydrogel network
that is 99 wt% water, both before and after removal from the eye. I show that the
modulus decreases upon removal of the vitreous and decreases further still upon removal
of the vitreous membrane.

CR experiments performed on the cornea, a thin, stiff,

hydrogel layer in the eye, illustrate the location dependent nature of the experiments by
the high modulus values implied within the 500 m membrane. The last tissue tested was
the lens. As with the two other tissues tested, the modulus values measured proved to be
similar to those reported in literature and prove the ability of CR to detect diseased tissues
whose mechanical properties change with the disease’s onset by inducing a cold cataract
on the tissue. The combined CR experiments in this chapter illustrate the range of
mechanical properties that can be measured: ranging from Pa in the vitreous, to kPa in
the lens, to MPa in the cornea.
In Chapter 6, I discuss techniques that have been used to quantify the traction
forces developed by single cells on a surface and those that have considered the collective
forces developed by multiple cells. I then focus on the development of the technique of
dynamic microlenses and describe how the strains exerted by cells on our substrates can
be directly related to the final curvature of the microlens surface. In this chapter, I
compare the strains developed by confluent epithelium to those developed by fibroblasts
and study the change in the contractile ability of the cells as their chemical environment
changes. By changing the stiffness of the underlying substrate, I show that the final
geometry attained is not a strain-controlled phenomenon of the cells. Lastly, I show that
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these structures are in fact microlenses as they can transmit optical images onto their focal
plane.
In chapter 7, I discuss ongoing work on these two projects and their possible
future directions.
The two appendices: A and B, serve as supplements to Part I and Part II of the
thesis, respectively.

Appendix A describes the fracture instability that occurs in

poly(acryl amide) hydrogels of gels greater than 5 wt% polymer and demonstrate this
fracture event with both air and water as the fracture media. We show that there is no
dependence of the surface tension on the fracture pressure. Appendix B describes a
complementary technique to the microlens arrays I developed to quantify the stresses
developed in confluent cell sheets. I do this by attaching the basal side of endothelial cell
sheets to a thin film of polystyrene and measure the resulting curvature of the cell
sheet/polystyrene pair.

5

PART I: FORCES EXERTED ON CELLS
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CHAPTER 2
2.0
CAVITATION RHEOLOGY TECHNIQUE
CAVITATION RHEOLOGY TECHNIQUE
2.1

Introduction to Cavitation Rheology

The measurement of the mechanical properties in soft materials, those with elastic
moduli less than 100 kPa, is important for numerous applications ranging from food
science to the field of tissue engineering (11-14). Three main techniques that are
commonly implemented to quantitatively describe the mechanical properties of tissues
and soft materials systems ex vivo are: shear rheometry, contact adhesion tests, and
microbead rheometry.

Shear rheometry measures the macroscopic properties of a

material, where an amount of sample is sheared between two oscillatory, rotating plates.
The material is subjected to an alternating strain, , and the stress, , is simultaneously
measured. When   , the material is purely elastic and when  lags behind  by 90o, the
material is purely viscous. Any lag, , that occurs between that of purely elastic and
purely viscous materials is indicative of a material that is viscoelastic and using the
stress/strain relationship realized by these experiments, both the elastic component and
the viscous component can be determined:
 osin(t+)
=
= G + iG
osin(t)


(2.1)

where t is time,  is the period of oscillation strain, and the subscript o denotes the max
value attained in an experiment. G, the shear storage modulus, is the measure of the
elastic component of the system that describes the stored energy and G, the shear loss
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modulus, is the measure of the viscous component that describes the energy dissipated as
heat. Although quantitative and sensitive for soft materials, this technique naturally
averages the response over the entire sample, and modeling is required for gaining insight
into local structure or heterogeneities within the material.

Table 2.1 Comparsion of various techniques used to determine the mechanical
properties of soft materials.
A technique that provides quantitative measurements at small length scales is
contact mechanical testing, which measures the mechanical properties of elastic materials
by lowering a probe, such as a flat punch or an AFM tip, in a controlled manner into
contact with a surface. The materials properties are determined from the material’s
response to the applied force, where the modulus, E, can be determined from compliance
measurements:
E = 3(8Ca)-1

(2.2)

where C is the compliance and a is the radius of contact area. As the probe size can be
varied over several orders of magnitude ranging from a few nanometers to tens of
millimeters, the materials properties over various length scales can be determined. One
drawback to this technique, among others, is that it probes only the surface of a material
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and therefore only the surface or near-surface properties are studied. Consequently, local
structure variations within the bulk cannot be characterized with this approach.
Microbead rheometry has the unique ability to measure the mechanical properties
at various locations within the bulk of a material (13, 15, 16). This method involves
monitoring the motion of nanometer – micrometer sized microspheres embedded in the
investigated media that arise either from thermal fluctuations or an applied force. For
purely elastic materials, this motion, measured by the mean squared displacement,
<r2(t)>, can be related to the modulus by (15):
<r2(t)> =

2kBT
aE

(2.3)

where kB is the Boltzmann constant, T is temperature, and a is the particle radius.
Microbead rheology is typically used for softer materials, <1 kPa, as the technique
underestimates the shear moduli above this value due to noise in the detection of bead
position (17). This value of 1 kPa limits the technique’s use to extremely soft materials
and makes it impractical for use in studying most hydrogel systems, including most
biological tissues.

Additionally, microbead rheology is limited to materials that are

optically clear in order to track the motion of the beads and to materials whose matrix
will be formed with the beads embedded in it. Both of these limitations also exclude
many biological tissues from being studied by this technique as they are generally opaque
and cannot be reformed around the microbeads upon removal from the body.
Considering these techniques available for measuring the elastic properties of a
material, they can be difficult to implement, they generally do not provide local
measurements at arbitrary points without disturbing local network formation, and they are
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limited to ex vivo experiments [Table 2.1]. In this chapter, and the three subsequent, the
development of a novel and easy method by which to determine the modulus on length
scales similar to biological cells (~10-50 m) at specific points within a material is
discussed. The method, called Cavitation Rheology, CR, involves inducing a single
cavity within a soft gel material and quantifying a critical pressure of mechanical
instability (18). The pressure of the instability can then be directly related to the modulus
of the material.

2.2

Experimental Technique

CR involves quantifying the pressure dynamics of a growing bubble, or cavity,
within a soft solid or fluid. Cavity introduction is controlled and monitored with a
custom-built, semi-automated instrument that consists of a syringe pump (New Era
Syringe Pump – NE1000), pressure sensor (Omega Engineering – PX26-001GV), syringe
needle (Fisher Scientific – 91033), microscope (Edmunds Optics), and personal computer
to record the pressure and images of cavity growth as a function of time. A schematic of
the instrument is shown in Figure 2.1. The combined cost of the syringe, the needle, the
pressure sensor, and tubing is approximately $150 demonstrating the cost advantage of
the technique.

Pressure and image acquisition are controlled by a custom-written

program within National Instruments LabView software.
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Figure 2.1 Diagram of experimental setup.

The test begins with the controlled lowering of the syringe needle into the sample.
The exact location of the needle within the material is controlled by xyz positioning of
micrometer motion stages (Thorlabs) and an initial pressure signal is recorded. The air in
the syringe is compressed via the syringe pump beginning at time, to, arbitrarily defined as
t = 0. The pressure within the system is measured throughout the experiment and images
of the deformation at the tip of the syringe needle are collected. Although images of the
growing cavity are not necessary to determine the modulus for most materials, they can
provide further insight into material properties as will be demonstrated.
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2.3

Mechanics of a cavitation instability in soft matrices

In general, the work required to inflate a cavity in a material, dW, is equal to the
energy required to elastically deform the material, dUE, and the change in surface energy
in the system, dUS (19):
dW = dUE + dUS

(2.4)

For a cavitation event, equation 2.4 becomes:
PdV = dA+ dV

(2.5)

where P is the pressure in the cavity, V is the cavity volume,  is the surface tension, and
 is the material stress in the material affected by the pressurization. In terms of pressure,
equation 2.5 can be written as:
d
P = dV + 

(2.6)

Using this equation to determine the pressure required to cavitate a bubble in a
Newtonian fluid, the second term goes to zero as there is no resistance to elastic
deformation and the equation becomes:
2
P= r

(2.7)

where r is the radius of the cavity.
For the growth of a cavity in an elastic network, the pressure is balanced by both
the surface energy and the elastic restoring energy of the surrounding material and the
second term in equation 2.6 needs to be considered. This additional contribution from the
elastic restoring energy is conventionally described by the strain energy function, W, that
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relates the amount of elastic energy to the amount of strain imposed in a given material.
For hydrogel materials, a simple strain energy function is the neo-Hookean relationship:
E
W =  ( 22+ -4 -3 )
(2.8)
6
where E is an elastic coefficient that is equal to the linear modulus at small strains and 
is the extension ratio of the cavity radius:  = r/ro. From this strain energy function, the
pressure-growth relationship for a spherical void with internal pressure, P, in an infinite
solid can be determined (20-23):
2
1 
P
5 2
=
+6 - 4
E Ero 
3 6 

(2.9)

According to this equation, a material length scale is roughly defined, 2/Ero. When
2/Ero < 1, the pressure asymptotically approaches a limiting value of 5E/6 as the cavity
size increases, Figure 2.2. When 2/Ero  1, the pressure passes through a maximum and
then decreases as the cavity size increases, Figure 2.2. In both cases, there is a critical
pressure, Pc, where a sufficient internal pressure causes for the expansion of the cavity.
While cavity expansion is seemingly limitless as the expansion ratio increases
significantly upon cavitation, the cavities do not expand indefinitely for two main reasons
(20). The first reason is that the supply of gas in the system is limited due to a limited
solubility in the material. The second reason is due to the competitive diffusion of the
gas out the edges of the material with the diffusion into the cavity that eventually relieves
the supersaturation pressure altogether. Cavity growth in this case should be similar to
the solution for the growth of gas bubbles formed in solution where the size with time,
denoted by r is proportional to t1/2 and thus the growth rate decreases with time until
growth is arrested.

Additionally, for the case of strain hardening materials, cavity
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expansion is going to be greatly dictated by the amount of strain hardening that occurs as
the cavity size approaches these much larger extension ratios.

Figure 2.2 Pressure history curves with increasing extension ratio of growing
cavities within a bulk material according to Equation 2.9. The material
length scale was varied to demonstrate its effect on the critical pressure to
cavitate.
In the case of CR, rather than the relating Pc of a spherical void within a bulk
material to the mechanical properties, we inflate a cavity at the tip of a syringe needle,
inset in Figure 2.3a. The main difference between the two cavitation techniques lies in
the derivation of the change in surface energy. For a cavity growing at the tip of a syringe
needle, dV is the volume of the growing volume of the cap at the tip of the syringe needle
and dA is the increasing surface area of the spherical cap; growing from the surface area
of a flat circle [ro2] to the surface area of the cap growing at the syringe tip [(ro2+h2),
where h is the height of the growing cap]. The dA/dV term can be solved for a spherical
cap by deriving both equations with respect to cap height, h:
14

dA
2h
=
dV (Ao/2)(1+h2/ro2)

(2.10)

Substituting in the equation for the extension ratio of a growing cap, 2 = A/Ao, and using
the neo-Hookean strain energy function defined in equation 2.8, equation 2.6 becomes:
P 4 (2-1)1/2  2
1 

+ 

2
E Ero    3 64

(2.11)

Similar to the cavitation observed by Gent in rubbers, the instability described here goes
through a maximum, Pm/E, with increasing cavity size that is associated with the
mechanical properties of the material, Figure 2.3a. Plotting calculated values of Pm/E for
different values of 2/Ero and fitting the resulting data, we determine the following
equation for the cavitation process to define the cavitation pressure, Pc (Figure 2.3b):
Pc 2 5

+
E Ero 6

(2.12)

This equation also defines the material length scale of 2/E. Its relative value with
respect to the length scale of the experiment, ro, determines whether the resistance to
cavitation is dominated by elastic resistance to deformation or by the resistance to create
new surface area.
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Figure 2.3 Cavitation at the tip of a syringe needle located within the bulk of a
material. (a) Pressure history curves with increasing extension ratio of
growing according to Equation 2.11. The material length scale was
varied to demonstrate its effect on the critical pressure to cavitate. (b)
Graph of the maximum pressure achieved for cavitation event of varying
material length scale for both cavitation within a bulk material and at the
tip of a syringe needle located within a bulk material.
2.4

Cavitation in a hydrogel

Cavitation experiments were performed on a model hydrogel system and a typical
pressure history for a CRT experiment is illustrated in Figure 2.4. At time t = 0, the
syringe pump begins compressing the volume of air [V] in the syringe system, where V is
defined by:
V = Vo - µt - V c

(2.13)

where Vo is the volume of the system at t = 0,  is the pump compression rate, and Vc is
the volume of the cavity induced at the syringe needle tip.

Assuming that air is

immiscible with the hydrogel and the number of air molecules remains fixed, the
pressure, P, as a function of time, t, can be described by:
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-1

P
 t Vc(t) 
 -1
= 1 - V +
Po
Vo 

o

(2.14)

where Po is the initial pressure in the system recorded for t < 0. For Vc/Vo << 1, equation
2.14 predicts that P increases linearly with time, as observed in Figure 2.4a. Due to this
experiment employing controlled volume conditions for pressurization, a sudden
expansion of Vc upon cavitation leads to a corresponding drop in pressure. This is
observed by a sharp change in slope in the pressure history curve and defines the critical
pressure, Pc. As seen in the images of Figure 2.4c, the cavity at the syringe tip has very
little growth until the critical pressure is reached. Within 200 ms, the cavity volume
increases significantly. This sudden increase in the cavity size marks the onset of an
elastic instability and is clearly observed in the sudden increase of the cavity extension
ratio in Figure 2.4b. According to equation 2.14, our experimental setup is sensitive to
the pressure drop that occurs at the onset of a cavitation event as long as the rate of cavity
growth, Vc(t)/Vo is greater than the compression rate of the system, t/Vo. To increase the
sensitivity of the system, smaller initial volumes (Vo) should be used as well as slower
pump compression rates (). When the critical pressure is reached, it is important to note
that it is only sensitive to the volume of material roughly described by ro3 (ro: inner radius
of syringe); therefore, the CRT modulus measurement provides information on the local
network structure. The cavitation event can be predicted quantitatively by using equation
2.12 to determine Vc and substituting into equation 2.14 (Figure 2.4a).
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Figure 2.4 The cavitation process as the pressure within the system increases
with time. (a) Pressure history curve of both experimental (performed in
a model hydrogel of (poly(lactic acid)-poly(ethylene oxide)- poly(lactic
acid) using a syringe needle with an inner radius of 51 m) and predicted.
Inset shows pressure at the tip of the syringe versus compressed volume
for cyclic loading at P < Pc to demonstrate the linearity of the system. (b)
Extension ratio of the cavity with time. (c) Images of the cavitation event.
The outer diameter of the syringe needle is 210 m.
2.5

Summary

In summary, the unstable growth of an internal void in an elastic network will
occur at a critical pressure defined by the material’s resistance to elastic deformation and
the resistance to creating new surface area. This unstable growth is indicative of an
elastic instability and the critical pressure point can be related to the materials properties
of the system. This technique is able to capture these properties at any arbitrary location
within a material to characterize the properties local to the cavitation point. Accordingly,
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in the following three chapters, this technique is demonstrated and its unique abilities are
highlighted by accomplishing the following objectives:
o Determine the mechanical properties of various hydrogel materials and
compare them to those determined by shear rheometry
o Determine other materials properties such as gel point and relative
heterogeneity of the bulk properties measured throughout the hydrogels
o Determine the effect of changing the material length scale relative to the
syringe radius
o Demonstrate the use of CR for studying biological materials in vivo
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3.0

3.1

CHAPTER 3
LOCAL PROPERTIES OF SYNTHETIC HYDROGELS
LOCAL PROPERTIES OF SYNTHETIC HYDROGELS

Introduction

As mentioned in Chapter 2, the determination of the local mechanical properties
of soft materials, such as hydrogels, is of particular interest to many research fields and
the technique, Cavitation Rheology [CR] can be employed to determine these properties
at arbitrary locations. Using equation 2.12, CR allows for both the elastic modulus and
the surface properties of a soft material system to be determined over a range of length
scales.

According to this equation, the critical pressure, Pc, is dependent upon the

resistance of the material to create new surface area and to the elastic resistance to
deformation. This implies that as a polymer sample goes through a gel transition, the
increase in stiffness can provide insights into the onset of an infinite network and the gel
point can be determined. After the formation of an equilibrium network, the ability of
CR to determine the local mechanical properties relative to the location of the syringe
needle can provide quantitative information about the heterogeneities within a material.
This can be accomplished by determining the standard deviation of multiple CR
experiments in a sample. In addition to understanding the relative heterogeneities within
a material, the presence of directed heterogeneity or in other words, the presence of
gradients of materials properties can be quantitatively probed. Gradients in soft material
systems can occur from various synthetic routes and are also present in various biological
tissues. In this chapter, gel properties such as modulus and gel point measured by CR and
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compared to those measured by classical shear rheometry, and the technique’s ability to
determine relative heterogeneity within various gel samples is also probed (18).

3.2

Experimental technique

Cavitation rheology experiments were performed as described in Chapter 2 using
a syringe needle (Fisher) whose inner radius, now referred to as r, was 51 m. Shear
rheometry experiments were used to compare modulus values using a more classical
measurement technique. The rheometry experiments were performed using cone and
plate shear rheometry (TA Instruments Rheometer) where the stress was controlled (0.1 –
2.0 Pa depending on the sample) and the frequency sweeps ranged from 0.01 Hz to 100
Hz. A 2o, 40 mm acrylic cone was used for all samples. The experiments started by
lowering the cone onto the hydrogel sample. Excess sample was removed from the
around the edge of the cone to reduce edge effects and a cover was mounted surrounding
the sample to minimize dehydration. The sample was held in this configuration for 30
minutes prior to conducting the experiments.

Although not rigorously true for all

hydrogels, we assume that our materials are isotropic, since there is no directed
directional preference towards network development in our samples. Additionally, we
assume they are incompressible. These assumptions were used to transform shear moduli
data to linear elastic moduli for comparison the CR data.
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3.3

Materials

To demonstrate this technique, we characterize two biocompatible, model
hydrogel systems: a linear triblock copolymer of poly(lactic acid)-poly(ethylene oxide)poly(lactic acid) [PLA-PEO-PLA] and poly(vinyl alcohol) [PVA]. These systems are
ideal as demonstrative materials as they are optically clear and although, as discussed
earlier, the technique does not require clear materials, images of the imposed deformation
at the needle tip can provide further insight into the materials properties.

Figure 3.1 Gelation model for the PLA-PEO-PLA triblock copolymer hydrogels.
The PLA-PEO-PLA hydrogels were synthesized in Professor Greg Tew’s lab by
Dr. Naomi Sanabria-DeLong as previously described in literature, but using solution
polymerization refluxing in toluene instead of bulk polymerization (24). Using this
technique, the chain lengths are controlled and the PDI is generally less than 1.1. For the
experiments discussed here, the molecular weight of the PEO mid-block is 8800 g/mol
and the end block molecular weights are 1872 g/mol for a total chain molecular weight of
approximately 12,544 g/mol. Gels were prepared by slow addition of the dried polymer
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to DI water, followed by stirring and heating. Crystallinity in the end block domains was
inhibited by using poly(DL-lactide).
PLA-PEO-PLA forms a hydrogel network from the hydrophobic/hydrophilic
interactions of the polymer chains, Figure 3.1 (24, 25). At low polymer concentrations
individual micelles are present in the solution where the hydrophobic poly(lactic acid)
end groups are hidden within the core of the micelles and the hydrophilic poly(ethylene
oxide) mid-groups make up the corona. As the concentration of polymer is increased,
more micelles are present and the intermicellar spacing decreases, until the overlap
concentration is reached and intermicellar interactions begin to occur via polymer
bridges. Continuing to increase the polymer concentration leads to a continued decrease
in intermicellar spacing, the micelles become more packed, and the number of bridges
increases until the system becomes a well connected phantom network of micelles. This
scheme for the gelation mechanism has been supported by rheological characterization
and small angle neutron scattering, which was used to determine the correlation distance
between two micelle centers in the hydrogel system of 25.26 nm (25). This compares to
the addition of the average end-to-end distance of the PLA-PEO-PLA chains of 25.1-25.9
nm.
The PVA hydrogels used were prepared in a manner similar to Wang, where the
polymer (MW 13,000-23,000 g/mol, 99.9% hydrolysis, Aldrich) was heated in a mixed
solvent of DMSO and water in a 40/60 ratio with 2% boric acid as a crosslinking agent at
90oC (26). After the polymer was fully dissolved, the sample was cooled to room
temperature to form a gel. Unless stated, hydrogels of 10% PVA were used. Samples
were stored in airtight containers between experiments to prevent solvent loss.
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PVA hydrogels can be chemically crosslinked with the addition of difunctional
crosslinking agents, such as boric acid, and they can physically crosslink via
crystallization of the polymer chains (27). In the latter case, the polymer is initially
present in solution as weakly associated chains. With time, interaction between the
chains occurs by way of hydrogen bonding and crystallites begin to form.

These

crystallites are double layer structures that are held together by hydroxyl bonds with van
der Waals forces operating between the double layers (28). As the degree of crystallinity
within the sample increases, a network connecting the chains together is formed, thus
resulting in a hydrogel matrix (29). When this process is carried out in a mixed solvent
such as water and dimethyl sulfoxide [DMSO], PVA crystallization proceeds without
significant volume expansion and the gels contain smaller pores resulting in transparent
gels (30). From wide-angle x-ray scattering experiments, it was found that the average
crystallite size in similar PVA gels is approximately 70 Å and the average distance
between them is approximately 150 – 200 Å(31).

3.4

Modulus determination

To demonstrate that the critical pressure is directly related to the elastic modulus,
we measured the elastic moduli using CR for three different weight percent PLA-PEOPLA hydrogels: 10, 15, and 20 wt%. The modulus for each sample was determined
using the Pc measured from the experiment and assuming a surface tension of water to be
approximately equal to that of water, 0.072 N/m. The strain rate of the CR experiments
before the cavitation event was determined by calculating the applied strain on the
system, 2 = A/Ao, with time and was found to equal approximately 0.02 Hz. Using
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measurements from shear rheology at 0.05 Hz, the lowest reliable strain rates that we
were able to measure with shear rheometry, the modulus values measured by CR were
verified (Figure 3.2). For both techniques, Figure 3.2a shows that the modulus increases
with polymer concentration. This trend is expected due to the increase in crosslink
density as the number of polymer chains per unit volume increases. This observation
verifies that the critical pressure of instability is closely related to the elastic modulus of
the hydrogel.

Figure 3.2 Modulus versus percent polymer of different poly(lactic acid)poly(ethylene oxide)- poly(lactic acid) samples. (a) Graph of the
measured modulus as determined by both CR and cone and plate shear
rheometry. For the CR calculations,  was found to be 0.067 N/m using
the critical pressure from the 10% hydrogel. (b) Shear rheometry data
for the same hydrogels showing the storage and loss modulus over the
range of frequencies tested.
3.4.1

Critical gel concentration

CR measures a higher modulus value than that measured with shear rheometry for
the 10% PLA-PEO-PLA sample, Figure 3.2. This deviation is due to the convolution of
the surface tension properties as the gel is below its critical gel concentration. The
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critical gel concentration for the PLA-PEO-PLA hydrogel was determined from shear
rheometry data performed by Dr. Naomi Sanabria-Delong, Figure 3.2b.

Below this

concentration, the material cannot display an elastic behavior consist with the
assumptions behind equation 2.12. Therefore, the estimation of E based on Pc is not
valid.

3.4.2 Relative heterogeneity

The critical pressure recorded during a CR experiment is dependent upon the local
network structure.

For many hydrogels, the crosslinking process leads to naturally

occurring heterogeneities that give rise to distributions of moduli throughout the sample.
These variations in local moduli can be systematically probed via CR.

These

heterogeneities are reflected in the error bars in Figure 3.2a. Each data point is an
average of six to ten measurements taken at different points within the sample. At lower
polymer concentrations, it can be seen that the standard deviation of the measurements is
small compared to samples of higher concentration. In fact, for the 20% PLA-PEO-PLA
sample, heterogeneities were visually observed as dense polymer conglomerates at
elevated temperatures. This mechanical heterogeneity is not detectable from macroscopic
shear rheology techniques, but may have significant impact on tissue development in an
engineered scaffold.
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Figure 3.3 Gelation of PVA hydrogels. (a-c) Gelation model for PVA hydrogels
with increasing time (adapted from J. Poly. Sci.: Part B: Poly. Phy.,
(1999) 37, 3438-3454). At early times Pc is dictated by surface tension (a).
As the gel begins to form, Pc is dictated by a convolution of surface
tension (b) and elastic resistance until final gelation occurs and Pc is
dictated by the elastic resistance of the system (c). (d) Graph of gelation
time of PVA determined by CR compared to shear rheometry where the
liquid-like to solid-like transition can be observed at tan  = 1. The
inflection point of the increasing Pc reflects the gel transition in CR
experiments. The solid line through the CR data is for illustrative
purposes. The inset in (d) shows the corresponding shear rheometry data
depicting the gel point of PVA to be approximately 6 days.
3.5

Determination of gel point

Equation 2.12 suggests that CR can be used to quantify the transition from liquidlike to solid-like behavior, or the onset of a continuous network. To demonstrate this
concept, we use the slow gelation of PVA hydrogels to measure its gel point, the point at
which an infinite polymer network is formed.
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This point can be determined

experimentally using shear rheometry experiments to impose a dynamic strain in the form
of a sign wave on the sample over a range of frequencies with time. As a material gels, it
undergoes a transition from more liquid-like to more solid-like behavior, and in shear
rheology this transition is quantitatively measured as the point where the storage modulus
is equal to the loss modulus for all frequencies (32). tan , which is equal to the storage
modulus divided by the loss modulus at any frequency, is typically used to describe this
transition, where a tan  value of unity over all frequencies is indicative of the gelation
transition. The gel point for a 10% PVA hydrogel was determined to be approximately
six days, as seen in the inset in Figure 3.3d.
To quantify the dynamics associated with the onset of the hydrogel network using
CR, we measured Pc as a function of time, t, in a 10% PVA hydrogel, Figure 3.3d. The
time, t = 0, was defined as the time at which the polymer solution is made. At short times
(Figure 3.3a), the Pc is related to the resistance provided by the surface energy of a
viscous fluid. As time proceeds, the PVA molecules form semi-crystalline domains
(Figure 3.3b), which serve as physical crosslinks that begin to form the interconnected
polymer network. As t  , the formation of semi-crystalline regions is balanced by the
osmotic stresses of the water content and the elasticity of the chains between physical
crosslinks. At this point, Pc plateaus at a value determined by equation 2.12 (Figure 3.3c
and d). The inflection point of a guiding line between the two plateau regions observed in
Figure 3.3d can be assumed to be approximately equal to the onset of a gel network. This
inflection point occurs after approximately 6 days, which is consistent with the value
determined by cone and plate shear rheometry.
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Similar to data for the PLA-PEO-PLA hydrogel, the final modulus value of the
PVA hydrogel are similar for both CR and shear rheometry. The modulus measured from
shear rheometry after 260 hours was approximately 2 kPa compared to a modulus of 5
kPa determined by the CR. As discussed above, this discrepancy is most likely associated
with differences in the exact nature of the strain energy function. In fact, based on the
PVA gelation process, it is highly probable that many uncrosslinked polymer chains still
exist, thus causing an unknown viscoelastic contribution to Pc.
As the gelation of PVA occurs over the time scale of days, Figure 3.3 also shows
an increase in heterogeneities with time by capturing the increase in standard deviation Pc
with time at each measurement point. At early times, the system is a viscous liquid as
there has been little time for the polymer chains to crystallize and form physical
crosslinks. The standard deviation at these points is small since diffusion in liquids
permits homogeneity in the sample.

With time, local variations in the mechanical

properties begin to form and are observed by CR as an increase in the deviation of Pc
values measured throughout the sample. These heterogeneities are not detectable by
shear rheometry, but may have significant impact on tissue development in an engineered
scaffold.
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3.6

Measurements in hydrogels with gradient concentrations

Figure 3.4 Modulus as a function of depth of gradient PVA hydrogels. Each
variable is a different gradient sample.
To emphasize a primary advantage of CR to characterize heterogeneities
throughout the bulk of a soft material, CR was used to quantify the elastic modulus as a
function of location in a PVA gradient hydrogel. We took advantage of PVA’s long
gelation time by placing 3 mL of a 10% PVA solution on top of 3 mL of a 12% PVA
solution. With time, limited diffusion occurred across the two concentrations resulting in
the formation of a natural gradient. Diffusion was arrested upon the onset of the gel
network. CR measurements were taken at different heights within the samples. It is clear
from Figure 3.4, that the modulus values increase as the position of the needle moves
further into the gel in the direction of increasing PVA concentration. Related to the same
mechanism observed in the PLA-PEO-PLA hydrogel data in Figure 3.2, this increase in
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modulus with increasing polymer concentration arises from an increase in crosslink
density within the system and is well described in predicting scaling relationships (33,
34).

3.7

Summary

In summary, this technique can successfully provide information on the local
mechanical properties within the bulk of soft materials. The local mechanical properties
were compared to moduli and gel point values measured using conventional shear
rheometry to realize similar values. Unlike shear rheometry, CR has the unique ability to
acquire information on the relative heterogeneity within a material and can quantify
modulus gradients.
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CHAPTER 4
4.0 LENGTH SCALE INDEPENDENT CAVITATION
LENGTH SCALE INDEPENDENT CAVITATION
4.1

Introduction

As described in chapter 2, the inflation of a cavity in an elastic solid requires work
to be done equal to the sum of the elastic energy of deforming the solid and the surface
tension. At the tip of a syringe, this balance of work has been shown to define a critical
pressure for cavitation, Pc, as defined by equation 2.12. Although most cavities are
formed by cavitation with immiscible fluids that have relatively high surface tensions
with the surrounding medium, for example air in water or air in a gel, the critical pressure
required for an elastic solid suggests that cavities can be created with fluids that have zero
surface tension with the surrounding medium.

This observation implies that in the

context of measuring mechanical properties within an elastic solid, the critical pressure
associated with the onset of the elastic instability of cavitation is directly proportional to
the elastic modulus and therefore independent of length scale. In other words, measuring
the critical pressure for cavitation can provide a simple, quantitative measurement of
mechanical properties at virtually any length scale, providing an opportunity to gain
critical knowledge of how mechanical properties develop in complex hierarchical
materials, such as biological tissues.
Using CR it is straightforward to probe the mechanical properties over a wide
range of length scales, as the length scale that is being probed is easily dictated by the
inner radius of the syringe needle, r. In the first demonstrations of this technique, air was
the cavitating fluid. Although simple and convenient, air cavitation presents limitations
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in sensitivity to mechanical properties at small length scales, where r is smaller than the
materials-defined length scale of 2/E. This length scale of 2/E defines the transition of
relative importance between surface properties and bulk mechanical properties, and thus
plays an important role in virtually all mechanical property measurements at small length
scales.
In taking advantage of the unique aspect of cavitation in elastic materials, this
chapter demonstrates that fluids with negligible surface tensions with the surrounding
solid can be used to induce the elastic instability of cavitation. Accordingly, the critical
pressure for inducing this instability can be directly related to the local mechanical
properties of the elastic solid. To demonstrate this, CR experiments using water to
induce cavitation in hydrogels of poly(vinyl alcohol) (PVA) were performed (35). PVA
is an ideal choice for these experiments as they are slightly opaque due to crystallization
of the polymer chains and thus inherently provide sufficient contrast to image the
cavitation instability as the cavitation media, water, enters the hydrogel. We compare
these measurements to CR measurements using air as the cavitating fluid in the same
hydrogels.

This comparison demonstrates the important concept of inducing elastic

cavitation with fluids that are miscible with the surrounding material, thus eliminating the
length scale dependence of mechanical property measurements and creating exciting
opportunities for gaining new knowledge of structure-property relationships in complex
materials over a large range of length scales.
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4.2

Experimental technique and materials used

4.2.1

Cavitation rheology

The cavitation rheology technique was used as previously described. In summary,
it involves inducing a cavitation event at the tip of an arbitrarily placed syringe needle
(micro-tip syringe needles, r = 15, 5, 2.5 m, were purchased from WPI, larger syringe
needles, r = 203, 127, 51 m were purchased from Fisher) in the sample. Cavitation is
induced by increasing the pressure of a closed system via a syringe pump (New Era
Syringe Pump NE1000) and monitoring the pressure via a pressure transducer (Omega
Engineering) in conjunction with a custom-written program within the National
Instruments LabView software. While images of the deformed material at the tip of the
syringe are not required for determining the material modulus, images were collected to
provide further insight into the specific deformation mechanism.

4.2.2

Preparation of the PVA hydrogel

PVA hydrogels were prepared as previously described in Chapter 2 by heating the
polymer (Mw 13-23 kg/mol, 99.9% hydrolysis, Aldrich) in a mixed solvent of dimethyl
sulfoxide and water in a 40:60 ratio with 2% boric acid as a cross-linking agent at 90oC.
Once the polymer was fully dissolved in solution, the sample was cooled to room
temperature and stored in airtight containers for six days until testing.
experiments, the weight fraction of polymer to solvent was fixed at 0.10.
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For all

4.3

Effect of decreasing the syringe radius

Figure 4.1 Pressure history curves of air cavitation experiments using different
size syringe needles. The legend is the inner radius in m and the inset is
of images both before, at, and after the critical time, tc, at which
cavitation occurred for experiments using the 203 m (top images) and
the 2.5 m (bottom images) inner radii syringe needles.
Figure 4.1 illustrates typical pressure history curves for CRT experiments using
air as the cavitation media for various syringe radii for the 10 wt% PVA hydrogel. At
time t = 0, the syringe pump begins compressing the air in the system and the pressure in
the system increases.

As observed in the images provided in Figure 4.1, limited

deformation occurs at the syringe tip until the sudden formation of a cavity. Upon
cavitation, the slope of the pressure history curve changes sign with the maximum
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signifying the critical pressure, Pc, for cavitation. From Figure 4.1, it is apparent that Pc
increases with decreasing syringe radius.
This trend is described by the pressure-growth relationship for a spherical void
growing from an initial flat surface at the tip of syringe, derived by balancing the work to
create new surface area and the energy required to elastically deform the material, as
described in Section 2.3:
2 5
Pc = r + 6 E

(4.1)

Thus, the materials properties E and  can be determined by a linear fit of Pc as a function
of 1/r (Figure 4.2). For the 10% PVA hydrogels, these measurements determine that E =
2.9  0.80 kPa and  0.032  0.0018 N/m. Thus, the materials length scale /E is
approximately 11 m.

This estimation is consistent with the observed significant

increase in Pc as the syringe radius changed from 15 m to 2.5 m in Figure 4.1,
demonstrating an increased importance of surface energy contributions relative to bulk
contributions at this length scale.
As discussed above, cavitation in an elastic solid does not require the cavitating
fluid to have a significant surface tension with the surrounding material. To demonstrate
this concept and minimize the size dependence of Pc, we exchanged the cavitation media,
air, with water, which has negligible interfacial tension with the PVA hydrogels.
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Figure 4.2 Graph of the critical pressure to cavitate using both air and water as
the cavitation fluid. The syringe needle, inner radius ranges from 2.5 m
to 203 m.
4.4

Effect of decreasing the surface tension

Water cavitation experiments provide similar pressure history curves to those
resulting from air cavitation, as seen in Figure 4.3a and 4.3b. These figures show that the
pressure increases as the system volume is compressed and little deformation is observed
at the tip of the syringe needle until the instability occurs, resulting in a sudden pressure
drop. The primary difference between CRT experiments when employing water versus
air as the cavitating fluid, is the difference in Pc for small syringe radii. The plot in
Figure 4.3b emphasizes this point by comparing the pressure history curves for both air
and water experiments using the 5 µm syringe. Here, Pc in the air experiment is almost
eight times greater than the Pc for water cavitation. This decrease in Pc is directly related
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to the decrease in between the hydrogel and the cavitating fluid when switching from air
to water.

Figure 4.3 Cavitation experiments using water as the cavitation fluid. (a)
Images of water cavitation experiments using syringe needles whose inner
radius is 203 m (top images) and the 2.5 m (bottom images) both 0.1 s
before the cavitation event and right at the cavitation event. (b)
Comparison of typical pressure history curves for cavitation with air and
water of a 5 m inner radius syringe needle m inner radius syringe
needle.
Similar to the air cavitation measurements, we can determine E and  from a
linear fit of Pc as a function of 1/r (Figure 4.2). From the water cavitation measurements,
we determine E = 2.2  0.24 kPa and = 0.0011  0.0005 N/m. This measurement of E
is within reasonable agreement with the best-fit measurement provided by the air
cavitation measurements, and  between water and the 10% PVA hydrogel is significantly
less than the air/hydrogel surface tension. Furthermore, the materials length scale /E for
the water cavitation measurements is approximately 500 nm.
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These measurements confirm that the elastic instability of cavitation can be
induced in elastic materials using fluids that have negligible surface tensions with the
surrounding material and a similar description using water a fracture media is described
in Appendix A. As illustrated in Figure 4.2, the critical pressure for water cavitation is
nearly independent of size scale, at least over the two orders of magnitude explored for
this material.

This independence with size scale has important implications for

measuring mechanical properties of polymer networks on length scales that approach
network and molecular characteristic dimensions, such as the mesh size.

4.4.1

Pressure development in water cavitation experiments

Although zero or negligible surface tension between the cavitating fluid and
surrounding material is possible for inducing cavitation in an elastic solid, a significant
challenge exists in the development of pressure under these interfacial conditions. In
other words, cavitation, either in liquids or solids, typically involves the use of an
immiscible fluid to induce cavitation. Under these conditions, pressure increases at the
tip of a syringe due to the compression of the cavitation fluid between the syringe plunger
and the surrounding material, as the fluid and material cannot mix. This compression is
measured as the development of pressure at the tip of the syringe. For fluids and
materials that have zero or negligible surface tensions, mixing may occur as one is
injected into the other. This mixing, or diffusion, of the cavitating fluid would limit the
development of pressure, which is required to exceed the critical value, Pc, for cavitation
to occur.
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Therefore, in order for pressure to develop at the tip of the syringe, the pressure
driven mobility of the injecting fluid into the surrounding material or the relaxation
processes associated with poroelastic mechanisms in the gel must be significantly slower
than the time scale of the CR test. Although a complete investigation will be presented in
a future paper focused on the use of CR to probe poroelastic properties of swollen gels,
here we present a straightforward experiment to confirm the maintenance of a sub-critical
pressure at the tip of the syringe over time scales that are significantly larger than the time
scale for CR experiments. In this experiment, a 5 µm radius syringe is inserted into a
10% PVA hydrogel and water is used as the cavitation media, Figure 4.4. The pressure in
the system was increased to approximately half of the critical pressure to cavitate, and
then the syringe compression was fixed at a constant value. Under this condition of fixed
compression, the pressure was monitored for approximately 600 s.

After the dwell time

of fixed compression, the syringe compression was re-initiated, further compressing the
system until the cavitation event was observed. As seen in Figure 4.4, cavitation occurred
at approximately the same value of Pc as with the experiments run without a dwell time.
Furthermore, the pressure relaxed minimally during the dwell time over the time scale of
600 s, with the ratio of 1.61 kPa at 600 s to 1.67 kPa at the initiation of dwell equal to
0.964. This maintenance of pressure at the tip of syringe for water-based CR experiments
demonstrates the robustness of these measurements, and presents opportunities for future
experiments on poroelasticity and diffusion into swollen gels at sub-critical and postcritical cavitation strains.
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Figure 4.4 Pressure history curve of the sample held at a pressure below Pc. The
pressure was increased to a value below the critical pressure for 10
minutes and was then increased to the critical pressure. This experiment
was performed with a syringe needle whose inner radius was 5 m.
4.5

Summary

In summary, we have shown that fluids with negligible interfacial tensions with a
surrounding material can be used to induce the elastic instability of cavitation in that
material. Accordingly, under these conditions, the critical pressure to induce cavitation is
directly related to the elastic modulus of the surrounding network, and is nearly
independent of length scale. This independence of size scale has important implications
in the use of CR for the characterization of mechanical properties across a broad range of
length scales, allowing future opportunities to span from molecular to macroscopic
lengths with a single experimental approach. We anticipate that this broad range of
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length scales and the ability to probe specific locations within a material local to the tip of
the syringe will allow CR to be used to gain new knowledge of how mechanical
properties develop in hierarchical soft materials, such as biological tissues.
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CHAPTER 5
5.0
CAVITATION IN BIOLOGICAL MATERIALS
CAVITATION IN BIOLOGICAL MATERIALS
5.1

Introduction

Measuring the mechanical properties of tissue in vivo is critical to developing
knowledge of how these properties change with age and upon the onset of disease (3639). Current methods for the in vivo characterization of tissue include two primary
techniques:

palpation and elastographic imaging.

Palpation involves an individual

feeling tissue for regions of either increased or decreased stiffness (40). It is generally
used for the early detection of diseased areas as it allows for the individual to noninvasively detect changes in tissue properties relative to healthy tissue. This technique
has been used for centuries and is still used by surgeons to compare the relative
mechanical properties of tumors that were not detected prior to surgery, and while useful,
it is highly dependent on the palpator’s acumen. To provide a quantitative understanding
to the differences measured with palpation, various versions of elastographic imaging
techniques, such as magnetic resonance elastography and ultrasound elastography, have
been developed over the past decade for imaging a tissue’s strain response after
imposition of a known stress (36, 41-44). Using the images and known stress/strain
relationships, these techniques can provide elasticity images representing stiffness maps
of the tissue. Although non-invasive and pictorial, these imaging techniques are limited
as the transformation of the strains measured to local moduli is quite complex and
quantitative in measure (45).

Therefore, opportunities exist for linking the relative
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information displayed in elastographic images to quantitative in vivo measurements of
elastic constants.
In general, most quantitative knowledge of tissue mechanical properties is
acquired from ex vivo techniques such as shear rheometry, compression or tension testing,
contact mechanics, or microbead rheology.

While these techniques have been

instrumental in tissue characterization, they require the removal of the sample from the
body. Not only does this removal process limit the development of knowledge of tissue
properties as a function of age, but it has been suggested that the act of tissue removal
from its native environment can significantly change its mechanical properties (46).
Recent results support this hypothesis of differences in mechanical properties
between in vivo and ex vivo samples. For example, shear rheology was performed on
slices of the vitreous humor [referred to here as the vitreous] of bovine and porcine eyes
as a function of time from removal from its native state (46). The results showed that the
shear modulus of bovine vitreous decreased from G ~ 32  12 Pa to a final steady state
value of G ~ 7  2 Pa over approximately sixty minutes. The authors attributed this
modulus decrease to failure of the vitreous network by the onset of phase separation of
the water and hyaluronan from the collagen network upon removal from the sclera. They
go on to postulate that the modulus of the vitreous in vivo, before any separation occurs
may be greater than the values they measured at early times.
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Figure 5.1 Experimental set-up and vitreous map. (a) Schematic of the various
regions of the eye and the cavitation rheology set-up. (b-e) Schematics of
the vitreous samples tested: in eye (b), membrane intact (c), membrane
disrupted (d), in vitro (e). (f-g) Images of actual samples tested with the
vitreous in eye (f) and with the membrane intact (g).
The vitreous is a clear hydrogel network that is 99 wt% water, 0.9 wt% salts and
proteins, and 0.1 wt% network components comprised mainly of fibrous collagen type II
(47). These collagen fibrils are thin, ranging from 6 – 16 nm in diameter, and unbranched
with an overall concentration of approximately 60 µg/mL in bovine eyes.

The

concentration of collagen is not uniform throughout the vitreous, and its relative
concentration in different areas defines the three primary regions of the vitreous: the
central vitreous, the vitreous cortex, and the basal vitreous (Figure 1a). The central
vitreous comprises the bulk of the vitreous body. It is the region of lowest collagen
concentration and is surrounded by the 0.1-0.3 mm thick vitreous membrane, otherwise
known as the vitreous cortex, surrounding the central vitreous. The central vitreous
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eventually blends into the basal vitreous, the densest collagen region located at the
anterior limit of the retina (48-50).
The collagen fibrils are part of a hydrated double network with high molecular
weight, polyanionic hyaluronan macromolecules (47). This network is responsible for
maintaining the mechanical integrity of the hydrogel, where the collagen is hypothesized
to act as the load-bearing struts and the hyaluronan serves to hydrate the system, imposing
a tensile force on them and preventing the collagen fibrils from aggregating (46). These
structural conclusions are based on depolymerization experiments where digestion with
collagenase completely dissolves the gel while the enzymatic removal of hyaluronan does
not collapse the network (50, 51). As individuals age, the collagen fibrils begin to
aggregate with each other and the double hydrated network begins to fail, resulting in a
slow liquefacation of the vitreous gel. With the gel liquefication, a decrease in the
mechanical properties is seen. This gel liquefaction is the primary cause of posterior
vitreous detachment (47, 51) and it is suggested that this same phenomenon leads to the
decreased mechanical properties observed upon removal of the vitreous from its native
state (46). Therefore, a measurement technique that has the capability to determine the
mechanical properties of a tissue in vivo at any arbitrary location would offer invaluable
insight to these differences between ex vivo and in vivo properties and their relation to the
tissue’s hierarchical structure.
Employing one of the primary advantages of Cavitation Rheology [CR], that it has
the potential to perform in vivo characterization, measurements of the elastic properties of
the vitreous both while in the eye and upon removal can be performed. As described in
Chapter 2, the technique involves inserting a syringe needle into a sample and inducing
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an elastic instability via slow pressurization. The pressure at which the instability occurs
can be related to the local mechanical properties of the sample. Using equation 2.12 and
plotting Pc as a function of inner syringe radius, r, information about both the elastic
properties of the material and the surface properties can be obtained. This chapter
employs CR to quantify the changes associated with removing this material from its
native state (52). This characterization demonstrates the importance of measuring the
mechanical properties of biological tissues in their native environment and opens new
opportunities for similar future investigations on other soft tissue.

5.2

Materials used

To confirm the hypothesis of Nickerson et al. that the mechanical properties of the
vitreous are greater in its native state, we quantify the mechanical properties of the
vitreous of bovine eyes from young cows that were obtained from a local abattoir both
within the sclera [in eye] (Figure 5.1a,b,f) and upon removal. The vitreous samples that
were tested after being removed from the eye were tested in three different states 1) with
the membrane intact [membrane intact] (Figure 5.1c,g), 2) with the membrane disrupted
[membrane disrupted] (Figure 5.1d), and 3) with the membrane completely removed so
that the vitreous could no longer maintain its shape [in vitro] (Figure 5.1e). The eyes
were stored at 8oC and allowed to warm to room temperature prior to experimentation.
Unless otherwise stated, all experiments in which the vitreous was removed occurred
within 5 minutes of removal from the sclera. For experiments performed in eye, the
location of the syringe needle within the eye was monitored. The eye was centered under
the syringe needle with the iris and lens positioned approximately 90o to the motion stage.
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The syringe needle was then lowered 2.5 cm into a slit that was made in the sclera of the
eye and the experiment was initiated.

Figure 5.2 Graph of the critical pressure versus 1/r for vitreous samples tested
in eye and in vitro.
To remove the vitreous from the eye, an incision was made between the cornea
and the sclera, and the lens was removed. The vitreous was then carefully removed from
its surrounding material. Preparation of the membrane removed samples involved cutting
two slits in the vitreous membrane in the form of an X and peeling the membrane back.
The in vitro samples were prepared by removing the vitreous from the eye, placing it in a
vial, and gently stirring to break any connections between the collagen fibrils and the
vitreous membrane.
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5.3

Vitreous properties in eye and in situ

The CR experiments were performed on the in eye and in vitro vitreous samples.
These results are presented in Figure 5.2. Based on these measurements and equation
2.12, both the modulus and the surface tension can be determined for both vitreous
samples. We measure E ~ 660 Pa for the in eye vitreous and E ~ 120 Pa for the in vitro
vitreous.

This drop in modulus, of almost six times, signifies the importance of

measuring the vitreous in its native state and confirms, in agreement with hypotheses
from Nickerson, that significant network disruption occurs upon removal. To eliminate
the effect of surface tension on the modulus measurements, we performed water-based
CR measurements on the in eye vitreous sample using syringes with inner radii of 203 m
and 533 m. These data points are approximagely equal to the modulus measured with
air cavitation and a guiding line through these two data points illustrates this and further
supports the conclusion that the modulus value in eye is greater than in vitro.
The surface tension values that were measured for the vitreous in eye and in vitro
are approximately 0.14 and 0.07 N/m, respectively. These values are reasonable as the
vitreous is 99% water, which has a reported surface tension of 0.072 N/m at 25oC.
Although both measured values are reasonable, the surface tension value measured from
the in eye samples is greater than that measured from the in vitro sample.

5.4

Effect of the vitreous membrane

To further study the cause of the decrease in mechanical properties of the vitreous
upon removal from its native state, the role of the vitreous membrane was studied. This
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was done by removing the vitreous from its native state and studying the effect of liquid
expulsion on the reduced tension of the collagen fibrils in the vitreous. Here, a vitreous
sample was removed from the sclera with its membrane intact [a membrane intact
sample] and was allowed to rest at room temperature until fluid diffused through the
membrane and accumulated around the sample. The critical pressure was measured both
in the vitreous gel and in the surrounding fluid using the 203 m syringe needle (Figure
5.3, left). As expected, the Pc of the surrounding fluid is dictated by the surface tension,
which is determined to be approximately 0.025 N/m. The Pc for the vitreous has a greater
mechanical contribution from the network (Figure 5.3, left), but it is clear that relative to
the in eye experiments, a decrease in the average Pc is measured (dotted line). This result
implies that the fluid loss is reducing network tension on the fibrils from the native state,
leading to a decrease in modulus.
The relative importance of the membrane was further probed by comparing the
instability pressure of a vitreous sample after removal from the sclera both with
[membrane intact] and without the outer membrane [membrane disrupted] (Figure 5.3,
right). A significant decrease in Pc is measured when the membrane is removed and the
vitreous assumes a more liquid-like state. This implies that the membrane is contributing
significantly to the vitreous’ structure both in the sclera and upon removal and that it
significantly contributes to the tension imposed on the collagen fibrils in vivo.
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Figure 5.3 Determination of the importance of the vitreous membrane. The
change in critical pressure was monitored for a vitreous sample both
inside the membrane and in the fluid that was expelled (left) and of a
vitreous sample with its membrane intact and after its membrane was
disrupted (right). The inner radius of the syringe needle used in these
experiments was 203 m.
5.5

Discussion on the importance of the vitreous structure

The results obtained here provide insight into the role of the sclera and the
vitreous membrane on the maintenance of the mechanical properties of the vitreous. The
presence of the sclera of young eyes on the vitreous prevents phase separation of the
vitreous fluid from the collagen fibrils. The prevention of phase separation is important
for the vitreous’ ability to maintain its mechanical integrity as fluid loss from the matrix,
which includes the loss of hyaluronan, leads to a decreased tension on the collagen fibrils.
This decrease in tension occurs due to the double hydrated network structure of the
vitreous as described previously, where the hyaluronan imposes a tension on the collagen
fibrils, preventing them from aggregating into collagen-rich areas. When the vitreous is
removed from the sclera, the native state is disrupted as is seen by 1) the vitreous’
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inability to maintain its spherical shape, 2) fluid loss from the system, and 3) by a
decrease in the pressure to cavitate. Removal of the vitreous membrane further disrupts
the hydrogel network. The data obtained here implies that upon disruption of the vitreous
membrane, further tension on the collagen fibrils is released due to both the continued
phase separation of the fluid and hyaluronan from the collagen and by the disruption of
the end point attachments of the collagen fibrils to the cortex. In vivo, the collagen fibrils
in the central vitreous tend to run in an anterior-posterior direction with the fibrils
inserting in the anterior end of the vitreous base and into the posterior end of the vitreous
membrane. As the collagen presumably acts as the load-bearing struts in the vitreous, a
decrease in tension on the fibrils due to disruption of the end-point attachment, could
release an imposed tension on these fibrils thus allowing for continued network relaxation
and phase separation.

5.6

Neo-Hookean strain energy function

For the data obtained in these experiments, the neo-Hookean strain energy
function was used to convert Pc to the modulus of the vitreous. While this choice may
not fully describe the complex strain energy functions of biological materials, the relation
between Pc and modulus is based on the onset of the instability, which occurs at low
strains. These strains before cavitation were confirmed small as images show negligible
cavity development milliseconds prior to cavitation. At these small strains, the difference
between the neo-Hookean strain energy functions and more complex strain energy
functions is negligible in the context of CR. Additionally, this indifference is supported
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by the similarity of our modulus measurements (E ~ 120 Pa) and the values measured by
Nickerson et al. (E ~ 96 Pa)

5.7

Cavitation in the other tissues of the eye

After demonstrating the significance of cavitation in the vitreous, preliminary
experiments were run on other parts of the eye to show the location dependent
measurements of the experimental technique. The other tissues that were tested were the
cornea and the lens. Based on measurements performed ex vivo, these structures have
moduli values in the MPa range and the kPa range, respectively, and these values vary
radially with location (39, 53). For simplicity, cavitation experiments were performed at
the center of these structures.

5.7.1

Cavitation rheology of the cornea

The cornea is a thin, 500-800 µm, transparent tissue at the front of the eye
covering the iris, pupil, and anterior chamber (54), Figure 5.1a. This tissue is responsible
for approximately 75% of the eye’s optical power, focusing light at a fixed focal distance
(55). It is made of three distinct layers, the inner epithelium, the stroma, and the outer
epithelium that is direct contact with the environment. The stroma, which makes up
approximately 90% of the corneal thickness, is comprised of 20-35 nm diameter collagen
fibrils that are regularly spaced 30 nm apart from each other (56).
CR experiments were performed in collaboration with Julia Kornfield’s group on
the cornea to study the mechanical properties. In these experiments fresh, whole porcine
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eyes obtained from a local abattoir were mounted on the stage under the syringe needle.
The needle was inserted 50 µm into the cornea and the experiment was initiated. These
experiments proved to be nontrivial for our current experimental setup as the maximum
pressure is approximately 100 kPa, which is significantly less than the expected modulus
of the cornea. This maximum pressure is dictated by the initial volume of the system and
the degree to which it can be compressed via the syringe pump. While these experiments
did not lead to a quantitative analysis of the mechanical properties of the cornea, they
nicely illustrate the location dependent nature of CR experiments, where Pc was low
enough to be measured in the vitreous, it was unattainable using the current device when
the syringe needle was placed in the thin membrane of the cornea.

5.7.2 Cavitation rheology of the lens

The final eye tissue tested was the lens of bovine eyes. The lens is a transparent,
biconvex structure in the eye (Figure 5.1a) that, along with the cornea, helps to focus light
on the retina. Through a process called accommodation, it has the unique ability to
change its shape and allow for the focusing ability of both near and distant objects (57).
The lens consists of two distinct components: the capsule, which is the outer membrane
whose thickness ranges from 5-20 µm, and the bulk soft cellular matrix. The bulk matrix,
which is discussed here, consists of a layered arrangement of cells and water soluble
proteins, the most abundant of which is crystalline, accounting for approximately 90% of
the protein mass (58). These high molecular weight proteins act to increase the index of
refraction of the lens while maintaining its transparency. Protein condensation in the lens
can be either the cause of or an early symptom of lens cataract, which is any opacification
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of the lens that results in scattered light and therefore decreased visual function or of
various neurological diseases (59) and it has been shown using ex vivo compression tests
that the corresponding modulus of the lens after the onset of cataracts in porcine lenses
increases from 2.6 kPa to 102.2 kPa (60). Previous research of the mechanical properties
of healthy, ex vivo lens samples have been tested through a variety of methods and have
shown that they vary with radial position from the center and this inherent gradient
changes with age (39, 61, 62).

Figure 5.4 Cavitation in bovine lens samples. (a) Pressure history curve of an
experiment where a cavity was created, removed, and recavited. (b)
Images corresponding to times in (a). The outer diameter of the syringe
needle is 210 m.
Priliminary CR experiments were performed on young bovine lenses to determine
the mechanical properties at room temperature, as well as the effect of phase separation at
low temperatures on the mechanical properties of the lens. In these experiments, fresh
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calf eyes were obtained from the local abattoir and a surgical knife was used to incise the
eye and its lens and covering capsule were carefully removed. A syringe needle, r = 51
m, was inserted into the lens and the CR experiment was initiated. Figure 5.4 shows a
cavitation experiment in a lens sample. After the cavitation event, the direction of the
syringe pump was reversed, indicated at approximately 570 s as a change in the P vs. t
slope, until the cavity at the syringe tip was removed and the test was run a second time.
From the graph, it is clear that the second cavitation point occurred at a slightly lower
critical pressure. The modulus value measured here is approximately 10 kPa, which is
similar to values measured in literature for young lens samples.

Figure 5.5 Effect of a cold cataract on bovine lenses. Graph of the increase in
average critical pressure in bovine lenses at room temperature and after a
cold cataract was imposed.
The phenomenon of increasing modulus in the lens with the onset of disease was
studied by imposing a cold cataract on bovine lens samples. Cold cataracts are easily and
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reversibly induced in the laboratory by decreasing the sample temperature to below the
spinodal temperature of the lens, approximately 16oC (63).

Below this temperature, it

has been theorized that the opacity occurs by spinodal decomposition of the cytoplasm
and/or the formation of high molecular weight aggregates. The effect of phase separation
at lower temperatures was studied using CR by testing lens samples at room temperature
and on ice, approximately 0oC. Figure 5.5 compares average Pc values measured in the
center of four different lens samples at room temperature and four lens samples on ice,
approximately 0oC. This data shows and increase in modulus from approximately 20 kPa
at room temperature to approximately 70 kPa. While the exact mechanism for this
modulus increase with cataract formation is not yet fully understood, these experiments
open up a new area of study allowing for the characterization of the lens properties at
specific locations throughout the sample with the possibility of being performed in vivo.

5.8

Summary

In summary, cavitation rheology is a suitable method for determining the
mechanical properties of biological tissues and the results presented in the chapter clearly
demonstrate the importance of quantifying these properties in in vivo settings. Our
research has shown that the modulus of the vitreous decreases when the vitreous is
removed from the eye and decreases further when the vitreous cortex is disrupted. We
anticipate that the benefits of determining the mechanical properties of tissues in their
native environments will open many opportunities for studying soft tissues as a function
of age and disease and in developing design maps to help engineer synthetic scaffolds that
more closely resemble their corresponding target tissues.
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PART II: FORCES CELLS EXERT
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6.0

6.1

CHAPTER 6
THE CONTRACTILE NATURE OF CELLS
THE CONTRACTILE NATURE OF CELLS

Introduction

The mechanical forces generated by cells play an important role in the specific
interactions between cells and their surroundings. They are important for such cellular
processes as cell migration (64, 65), remodeling of extracellular matrix proteins (66), and
for the morphological changes cells incur when spreading onto a surface (66, 67). These
forces are generally contractile in nature and are generated by the actomyosin network in
the cytoskeleton and transmitted to their surrounding through the focal adhesions attached
to the extracellular matrix or to neighboring cells through adherens junctions (68).
The first work to clearly demonstrate the traction forces exerted by single cells on
a surface used cell-induced substrate wrinkling (6, 69, 70). The technique involves
culturing fibroblasts on thin, elastic silicone films approximately 1 m thick that are
suspended on a layer of viscous silicone fluid. The thin film substrate, which is weak
enough to be visibly distorted by the small traction forces the cells exert on the surface,
display wrinkles whose persistence lengths are proportional to the amount of force
exerted (6). While this technique has provided much insight into the traction forces
developed by different cell types the precise relationship between the wrinkles of the
silicone substrate and the underlying traction forces is unknown (71).
In order to more quantitatively determine the traction forces without wrinkling the
substrate, Lee et al. developed at technique whereby they embeded microbeads into an
elastic substrate and detected their relative displacement upon cellular contraction (72).
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Similar to the wrinkle length of the last technique, the resulting displacement is
proportional to the force exerted by the cells and using this technique, quatitative force
maps throughout the cell were developed. While this technique provides more accurate
information about the location and orientation of the traction forces exerted by individual
cells than the substrate wrinkling technique, it is inherently bound by several limitations
including that the technique is computationally intensive, it is difficult to determine the
exact location of the individual markers, and it is affected by changes in substrate
compliance with the addition of the microbeads (73).
Tan et al. developed a technique of isolating and quantifying these same traction
forces at specific points throughout an adhered cell by culturing cells on an array of
micrometer sized posts and used their displacement, rather than that of the microbead
displacement to determine the traction forces throughout the cells (74).

For this

technique, the posts independently deflect in the direction of the applied force and
knowing the geometry of the posts and the amount of deflection, , a simple beam
bending analysis can be performed to determine the magnitude of force, F, exerted on the
surface at different points in the cell:
3EI
F = L3

6.1

where E is the elastic modulus of the post, I is the moment of inertia, and L is the length
of the post. Using this technique, the spatial distribution of the traction forces at specific
locations under the cell is easily determined.
Relative to the amount of research performed on single cell traction forces, little
work has been done to determine the forces exerted by multiple cells on a surface. The
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first evidence of the additive effect of the forces exerted by many cells was shown by the
attachment of cell explants to the thin films of wrinkling silicone substratum, where the
persistence length of the wrinkles was shown to be greatly extended relative to the
wrinkle length developed by single cells (6). More recently, du Roure et al. observed the
traction forces of epithelial cells on micropost arrays and observed that at the edge of
subconfluent epithelium the forces were many times greater than those exerted by single
epithelial cells and noted that these forces were even greater than those developed by
fibroblasts. These higher forces were attributed to the collective contractile nature of the
highly interconnected epithelium (75).
A quantitative analysis of the contractile ability of multiple cells was done by
Kolodney and Wysolmerski, where they studied the isometric contraction of multiple
fibroblasts and endothelial cells developed in collagen matrices (76). They did this by
attaching a thin collagen gel to two porous polyethylene holders, one of which was
attached to a multi-axis stage manipulator and the other to an isometric force transducer.
From their experiments, they found that monolayers of endothelial cells generated more
contractile force than a multilayer contractile network of fibroblasts, but were unable to
make a direct comparison of the cells in the same configuration and were only able to
consider the forces developed uniaxially.
Considering the techniques available for measuring the forces cells exert on a
surface, none are able to capture the biaxial forces of various cell types growing to
confluency. In this chaper, the development of a novel and easy method by which to
quantify these strains based on the bending of a thin sheet of polystyrene [PS] that occurs
as upon the attachment of cells is discussed (77).
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6.2

Mechanics of material deformation

In this technique, monolayers of cells are used to induce a first order buckling on
confined thin films of PS. The final out-of-plane equilibrium structure is defined by the
geometry, materials properties, and the applied stress. This development of out-of-plane
deformation arises as a result of the thin film minimizing its elastic energy to reduce the
imposed in-plane compressive forces. The exact deformation that occurs is a result of the
competition between the bending and stretching energies. The bending rigidity of thin
plates scales with t3, where t = thickness. The stretching rigidity scales linearly with t.
The balance of these two energies defines the critical stress, c, to buckle (Figure 6.1).
For a circular plate, c is given by (78):
k2D
c = a 2t

6.2

o

where k is the numerical constant for the buckling mode, which is equal to 2.16 for first
order buckling, D is the plate stiffness [D =

Et
], E is the modulus,  is Poisson’s
12(1-2)

ratio, ao is the initial radius, and t is the film thickness. The critical strain, c, to buckle is
determined from the constitutive relationship for linear elastic conditions under
conditions of biaxial stress:
2

 k
t
c= 
 
 12(1+)  ao

6.3

This means that for cells that produce compressive strains greater than the critical strain,
they will buckle a confined, circular PS thin film.

Assuming conservation of area

between the initial planar film and a spherical cap formed upon buckling, the ratio of the
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microlens height, h, to the initial radius of the microwell, ao, is proportional to the applied
strain, :
h/ao = ( (2+))1/2

6.4

Therefore, the final structure height and the initial radius define the strain imposed on the
system.
Using this relationship, I developed a method that takes advantage of the
contractile nature of cells attached to a substrate and culture them on a confined, circular
thin film of PS and measure the imposed deformation to determine the relative strains the
cells collectively exert. This method begins with molding a surface of poly(dimethyl
siloxane) [PDMS] microwells from hexagonal arrays of photolithographically fabricated
posts, Figure 6.2. A thin film of PS is placed on the PDMS microwells and treated to
make the surface favorable for cell growth (see Methods). Upon cell culturing and
attachment to the PS surface, the cells deform the PS layer and form well-defined
microlens arrays, Figure 6.2b. This design offers insight not only into the collective
nature of cells as compared to their single cell counterparts, but also into their dynamic
behavior. The curvature of these living microlenses can be tuned by dictating the cell
type or by introducing external stimuli, such as different cytoskeletal inhibitors that
respond over short time scales. These self-formed, living microlenses define a new design
paradigm for surface patterning and could be used for numerous advanced applications.
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Figure 6.1 Diagram of a confined thin film buckling under a critical force. At
applied forces, P, greater than the critical force, Pc, the film buckles. t is
the film thickness, ao is the initial radius, and h is the final height of the
buckled lens.
6.3

Experimental technique

6.3.1 Fabrication of surfaces

An SU-8 2100 negative photoresist (Microchem) was spun coat onto a silicon
wafer at 1000 rpm. Spin time was varied for varied feature height, h, of 325 or 275 m.
The resist was prebaked for 20 minutes at 90oC and exposed for 55 seconds (OAI 500W
DUV, intensity=20mJ/cm2) with a mask of circles of varying radii, ao, from 200-400 m.
The resist was then postbaked for 1 minute at 90oC and developed in SU-8 developer
(Microchem) to reveal hexagonal arrays of posts.
Crosslinked poly(dimethyl siloxane) [PDMS] was prepared by mixing Dow
Corning Sylgard 184 with catalyst and degassing for 15 minutes. The PDMS mixture
was then poured onto the photoresist mold and subsequently cured at 70oC for three hours
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to produce a surface of holes upon separation. The PDMS substrates were then placed
hole-side down onto thin films of PS that are prepared by spincoating a PS/toluene
solution at 4000 rpm for 30 s on glass slides that had been UV-Ozone treated (Jelight
UVO cleaner, 342) for 5 minutes. The thickness of the dried polystyrene films was
measured with an interferometer (Filmetrics). The PS/PDMS pair was floated off in DIwater and placed onto glass bottom culture dishes (MatTek), PS face up. The substrates
were then oxygen plasma treated (Harrick Plasma Cleaner, PDC-001) to increase the
hydrophilicity of the surface and promote cellular adhesion. In order to image the PS
layer with the confocal microscope, the PS solutions previous to spincoating were doped
with 2.5 mg/mL of 5,6,11,12 tetraphenylnaphthacene [Rubrene] (Aldrich).
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Figure 6.2 Design of living microlenses. (a) PDMS is molded onto arrays of
posts with varying radii (100-800 m), height (275-325 m), and spacing.
PDMS is placed on a thin film of PS that had been spun coated onto a
UVO treated glass slide. The PDMS/PS sample is floated onto water, put
in a culture dish, oxygen plasma treated and used as a culture surface.
Cell proliferation to confluency leads to formation of final microlenses;
inset defines variables used. (b) Low magnification DIC image of a
hexagonal array of microlenses formed by fibroblasts. Scale bar is 50
m.
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6.3.2

Cell culture and reagents

The technique of living microlens arrays can be employed to quantitatively study
the contractile ability of different cell types, NIH/3T3 mouse fibroblasts and LLC-Pk1
epithelial cells. The two cell types differ in their structure and function within the body
and therefore should exert different amounts of strain on the surface (79). Fibroblasts and
their extracellular matrix make up the bulk of the constitutive tissues and are generally
spread apart from each other. Epithelial cells, on the other hand, make up the lining of
various tissues in the body and are highly interconnected acting as barrier layers. Both
cell types transmit stress to their surroundings by transmitting the contractile forces
generated by the actomyosin network through focal adhesions. Furthermore, it has been
shown that the cell/cell junctions that connect the epithelial cells have the ability to
transmit stress generated by the actomyosin network to neighboring cells through
adherens junctions. In this chapter, the strains generated by the two different cell types
are compared and the effect of changing the contractile ability of the cells by either
depleting the intercellular junctions of the epithelial cells or by disrupting an element of
the cytoskeletal network is studied.
NIH/3T3 mouse fibroblasts were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% calf serum and 1% P/S solution. LLC-Pk1 epithelial
cells were cultured in a 1:1 mixture of Opti-MEM and F-10 media supplemented with
7.5% fetal bovine serum and antibiotics. Because these cells were Green Fluorescent
Protein [GFP]-actin tagged by Murthy and Wadsworth (80), 6 g/mL of G418 was added
to the media to induce active protein fluorescence. Replating of the cells was achieved by
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washing the cells with 1.5 mL of phosphate buffered solution two times and then
introducing three drops of trypsin EDTA to the cells. The cells were then returned to the
incubator for 10 min to allow the trypsin time to disrupt the bonds between the cells and
the substrate. An aliquot of cells was then removed from the culture dish and replated in
a new dish with fresh culture media.

Both cell types were grown in a 5% CO2

atmosphere at 37oC. Culture media was changed every three to four days in culture
during cell sheet formation.

6.3.3 Measurement of microlens properties

A standard transmission microscope was used to monitor both the confluency of
the cells on the substrates and the occurrence of buckling. This microscope was used to
obtain differential interference contrast [DIC] images of the cells on the surface.
Microlens height was measured with confocal microscopy (Zeiss LSM 510 Meta
Confocal System). Photoactivation of fluorophores was achieved by exposure to an
argon laser at 50% power of 30 mW.

For imaging, averages of two to four line scans

were taken.

6.3.4

Immunofluorescent staining

In order to determine the relative amount of intercellular connections in both cell
types, immunofluorescent staining was performed on the protein cadherin. Cells were
fixed for 10 min in –20oC methanol, rehydrated in PBS containing 0.1% Tween-20 and
0.02% sodium azide and stained. The primary antibody used was monoclonal anti-pan
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cadherin (Sigma clone CH-19; 1:500 dilution).

Primary staining was followed by

incubation in Cy3-labeled goat antimouse (Jackson Immunoresearch, West Grove, PA;
1:400 dilution) secondary antibody.

Cells were mounted in Vectashield (Vector

laboratories, Burlingame, CA) and sealed with nail polish. Cells were observed on a
Nikon Eclipse TE 2000-S inverted microscope with a 100X, oil immersion objective lens.
Images were acquired with a Qimaging camera, Micro-Manager 1.1 software through
imageJ, and an electronic shutter, Lambda SC, (Sutter Instrument, Novato, CA). A
standard filter cube was used for the Cy3 fluorescence.

6.4

Kinetics of lens formation

The development of strain was demonstrated through the increase in microlens
height as a function of time, Figure 6.3. This figure shows that the kinetics of microlens
development is dictated by the growth kinetics related to confluent cell sheet formation.
At initial times as the cells start to attach to the surface, no height development is seen as
observed by the data point taken two hours after the cells were plated on the surface.
Within one day, as the number of cells on the surface increases, their collective
contractile ability exceeds the critical force needed to buckle the originally planar PS thin
film and initial microlenses are formed. According to equation 6.2, the critical strain
needed to buckle this system is approximately 0.0005 assuming a first order buckling, a 
of 0.35 for PS, a film thickness of 700 nm, and an initial radius of 400 µm. As the
number of cells continues to increase, the combined contractile ability of the cells
increases and the height continues to increase. After confluency is finally achieved, the
microlens height approaches a final, steady state value.
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Figure 6.3 Graph of the height development of four microlenses. Initial radii
are denoted as m in the legend.
The use of the first order buckling mode is confirmed from images of final
microlens structures of buckled shells clearly seen in Figure 6.4. Figure 6.4a and b show
the buckled configuration of two fibroblast microlenses that are differential interference
contrast, DIC, and confocal microscopy images respectively. The DIC image is focused
on the cells on top of the lens; the cells surrounding the lens are on a lower plane and are
therefore out of focus. The confocal microscopy image shows the fluorescence of the
rubrene in the PS layer with changing position in z-space. This image also demonstrates
the 3D nature of the surfaces. 6.4c is a confocal image of a microlens developed by
epithelial cells had been GFP-actin tagged.

As with the images of the fibroblast

microlenses, this confocal stack shows that cell growth on the surface results in a first
order buckling phenomenon and the formation of convex microlenses. When the cells are
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removed from the substrate by trypsinization the microlenses return to their original
planar state, inset in Figure 6.4c.

Figure 6.4 Features of living microlenses. (a) Low magnification DIC image of a
microlens formed by fibroblasts; focus is on the top of the lens. Scale bar
is 400 m. (b) and (c) Confocal images of single microlenses of fibroblasts
and epithelial cells respectively; both top-view images of the z-stack and
of their side profile. The inset in the lower image in (c) is a flat lens
surface that was caused by the removal of the cells from the PS surface.
Scale bar for the images in (b) and (c) are 200 and 50 m respectively and
the width of the well in the inset image is 635 m.
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6.5

Strain imposed by epithelial cells and fibroblasts

Figure 6.5 Graph of the final microlens height versus initial well radius. Both
lenses formed by epithelial cells and fibroblasts are reported; the trend
lines are fits using strain values of 0.0055 and 0.0031 respectively. Data
points (A) and (B) have well depths of 325 m and 275 m respectively.
As stated in equation 6.4, the microlens height, h, depends on the initial radius, ao.
Figure 6.5 confirms this linear relationship and the slope is used to quantify the final
strains produced by confluent sheets of each cell type of approximately 0.0055 and
0.0031 for the epithelial cells and the fibroblasts respectively. The different strains
developed by the respective cell types are contrary to results found in the literature where
single fibroblasts are shown to produce higher traction forces on a substrate than
epithelial cells (65, 74, 75, 81, 82). More recent results from du Roure et al. have shown
that the collective nature of subconfluent epithelium actually allows for a higher stress
development at the sheet’s edge when compared to their single cell counterparts as well
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as to single fibroblasts (75). They attribute this phenomemon to the presence of high
amounts of cell/cell junctions in the epithelium. This hypothesis suggests that the greater
force generated by the epithelial cells results from the relatively tight binding via
adherens junctions of epithelial cells to their neighboring cells in the epithelial sheet (79).

6.6

Effect of intercellular junctions on epithelial lens formation

In order to more closely consider the higher strains attained by the epithelial cells,
we considered the contribution of the adherens junctions to strain development. The
adherens junctions in biological cells are linked to the intracellular, contractile
actomyosin network by various accessory proteins that bind to junctional components and
thus the cytoskeleton of neighboring cells (79).

Immunofluorescence staining for

cadherin shows the relative amount of adherens junctions in different cell types. For the
epithelial cells, immunofluorescence staining shows intense and uniform staining
between cells and only patchy staining between fibroblasts, Figure 6.6a,b.
To test the role of the cell/cell junctions in the increased contractility of the
epithelial cells compared to fibroblasts, epithelial cell sheets were incubated with
calcium-free phosphate buffered saline, to disrupt cell-cell adhesion via cadherins.
Images of the lenses taken both before and after treatment show the disruption of the
cell/cell contacts as seen in Figure 6.6c-e. This figure also shows the decrease in the
amount of strain exerted by the cells with depleted junctions is seen in the decrease in
microlens height and thus proving that the greater number of junction points in epithelial,
as compared to fibroblasts, leads to the transmission of greater stress to the surface.
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Figure 6.6 Effect of the loss of cell/cell junctions in an epithelial cell sheet.
Cadherin staining for both the epithelial cells (a) and the fibroblasts (b).
(c) Height change of individual microlenses after being in a calcium-free
environment. (d, e) Projection images both looking down and from the
side both before (d) and after (e) calcium depletion. Scale bar for (a, b) is
10 m and for (d, e) is 200 m.
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6.7

Effect of cytoskeletal elements on lens formation

Figure 6.7 Effect of drug treatment on microlens height. (a) Graph of height
change of microlenses after drug treatment, where the smaller bars are
individual samples within a larger average bar. (b, c) Height profiles of
two microlenses of microlenses of epithelial cells before (gray) and after
(black) treatment of latrunculin B (b) and nocodazole (c). Topographic
display of a microlens of fibroblasts that has been treated with
nocodazole. (d) Local areas of high strain can be seen as smaller peaks on
the microlens.
The contractile forces exerted by cells can also be altered by disrupting the
cytoskeletal components within the cells. Altering these components with appropriate
treatments demonstrates the “living” or dynamic nature of the microlens arrays. To
demonstrate this we added either a 5 M solution of latrunculin B (Biomol) or a 33 M
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solution of nocodazole (Biomol) to the microlens system to disrupt different cytoskeletal
components, Figure 6.7. When in a cell, latrunculin B binds to actin monomers and thus
shifts the monomer-polymer equilibrium resulting in the depolymerization of the actin
filaments that are responsible, along with myosin, for cellular contractility. The cells then
relax as their internal contractile networks are destroyed and therefore results in a
decrease in height of the microlenses. In a similar manner to the depolymerization of the
actin filaments, the introduction of nocodazole cells depolymerizes the microtubules by
binding to free tubulin dimers, the subunits of microtubules, in the cells. Previous
observations of cells grown in culture have demonstrated increased contractility upon the
depolymerization of their microtubules (83-85). This observation led to a model in which
microtubules oppose contractility generated by actomyosin, perhaps by acting as struts
(83, 84) or by weakening actomyosin contractility (85). The observation that microtubule
disassembly leads to increased myosin phosphorylation further demonstrates the crosstalk between these two cytoskeletal systems (86). Therefore, the addition of nocodazole
to the cells in our system leads to an increased average height of the microlenses, as is
seen in the results in Figure 6.7.
The fibroblasts respond differently to the nocodazole treatment as they show an
average decrease in microlens height, Figure 6.7a. This microlens height decrease for the
fibroblasts in the presence of nocodazole can be explained by the observation of local
regions of high strain as seen in a representative contour plot in Figure 6.7d of one of the
fibroblast microlenses after treatment. These local areas of increased strain may result
from the bifurcation of the thin PS shell upon increased compression. These local
deformations could accommodate the increase in strain energy due to nocodazole
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treatment, which would have increased the global height of the microlens in their
absence.

These local deformations, which often arise in response to both types of

treatments, most likely occur because fibroblasts do not form well-connected sheets of
cells. This lack of interconnection allows for areas of higher strain to arise that are not
transferred across the surface.

It should also be noted that these drug induced

deformation changes occurred on the time scale of minutes, not longer. The kinetics of
these transformations will be investigated in future work.

6.8

PS thickness

The thickness of the PS layer the cells attach to, was then varied and the final
microlens structure for epithelial cells and fibroblasts.

Plotting the final microlens

structure for both cell types shows that that as the thickness of the PS layer increases, the
strains the cells are able to achieve decreases, Figure 6.8. This figure clearly compares
the final structures as h/a versus PS thickness. Using Equation 6.4 and relating h/a to the
strain, it is apparent that there is a decrease in strain with increasing PS thickness. This
plot shows that this development of the microlens structures is not a strain-controlled
process. Further work to study this has been done by Dr. Guillaume Miquelard.
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Figure 6.8 Effect of varying PS thickness on lens geometry.
6.9

Lenses as imaging devices

As microlenses, these structures can transmit optical images at focal lengths
defined by their curvature. The optical nature of the microlenses was demonstrated via a
projection experiment illustrated in Figure 6.9, where an image of the word ‘UMASS’ is
projected through various microlenses. Figure 6.9c further illustrates that the curvature
imposed by the cells is responsible for the image projection. The top image in Figure
6.9c is focused on the cells at the surface of a hexagonal array of microlenses. As seen in
images in this figure, when the microscope is focused on the substrate, eight lenses are in
view. As the objective is moved up in z-space, the projected image at the focal distance
of the convex lenses comes into focus and the word ‘UMASS’ becomes visible above all
of the lenses except one. This lens had not buckled, thus explaining the lack of projected
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image above. This experiment clearly demonstrates the ability of these lenses to function
as optical devices.

Figure 6.9
Projection images produced by various microlenses.
(a)
Experimental setup. (b, c) Images projected through a lens formed by
fibroblasts (b) and by epithelial cells (c). (d) Images of a hexagonal array
of microlenses focus on the substrate surface (top image) and at the focal
plane (bottom image). Scale bar for all images is 200 m.
6.10

Summary

In summary, we have demonstrated the use of live cells to define a functional
topography of a microlens array. The resulting curvature of each microlens is determined
by the applied strain of the growing cell sheet and allows us to study the development of
stresses in early tissue formation, ranging from the stresses exerted by single cells to
those exerted by confluent monolayers.

Using this design, we experimentally

demonstrated the contributions of calcium-dependent adhesion via intercellular junctions
in cell sheets to the applied strain. These measurements offer new insight into the
collective nature of cells as compared to their single cell counterparts. Specifically, we
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report that confluent epithelium exert greater stress on the substrate than sheets of
fibroblasts and attribute this to the collective behavior of the epithelium. We were also
able to show that the curvature of the living microlenses can be tuned by cell type or by
introducing external stimuli, such as different cytoskeletal inhibitors, to which the cells
respond over short time scales. The projection of an image array or related diffraction
pattern can be advantageous for screening in cell biology and pharmaceutical
development where cellular responses to external stimuli can be monitored by focal
length changes for convenient tracking and show that these self-formed, living
microlenses will define a new design paradigm for surface patterning and can be used for
numerous advanced applications.
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CHAPTER 7
7.0
ONGOING AND FUTURE WORK
ONGOING AND FUTURE WORK
7.1

Introduction

The development of the cavitation rheology technique and the microslens arrays
technique has opened many doors to the better understanding of cell/substrate
interactions.

In this chapter, I outline some of the exciting directions these two

techniques are being explored as I leave the group and those that should be explored in
the future.

7.2

On cavitation rheology

Development of synthetic matrices:

CR has initiated many collaborations

between the Crosby research group and other research groups. One such collaboration
that developed was with Professor Julia Kornfield’s group at CalTech, where they are
developing polypeptide gels for tissue engineering applications. Dr. Brad Olsen, Jun Cui,
and I tested some of these gels to show that their critical point was dictated by a fracture
event as the critical fracture pressure, Pf, increased as a function of 1/r2 and that Pf
increased with increasing polymer concentration.

We looked at effect of changing

midblock length and valency on the fracture pressure and found that, for these gels,
increasing either of these variables increased Pf. Further work needs to be done to
determine both the modulus and critical energy release rate on these gels.
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Effect of viscoelasticity: As this technique is in its early developmental stages,
time effects need be studied in the near future. Time effects could arise from either the
viscoelastic and poroelastic nature of the hydrogels.

Viscoelasticity refers to the

relationship between stress and strain being time dependent. When the material that is
being studied is more elastic-like and the storage modulus is relatively constant over the
frequencies probed and these effects will be relatively low.

Many hydrogels and

biological tissues are highly viscoelastic and therefore these effects need to be probed.
Using CR, these effects can be studied by varying the compression rate for different
cavitation experiments resulting in a varied strain rates of the inflating cavity. I expect
that as the compression rate increases, the material will act more ‘elastic-like’ and the Pc
values will increase. These effects can also be probed by studying the bubble after it has
been cavitated.

Oscillation of increasing and decreasing pressure and the bubble’s

response could provide insights into not only the storage modulus of the hydrogel, but of
the loss modulus as well.
Effect of poroelasticity: The second time scale that may influence cavitation is
related to the poroelastic nature of the gels. Poroelasticity refers to the motion of fluids
through the network of the gel. This motion occurs when there are pressure gradients
present as a driving force for motion. The effect can be probed by varying the length
scale of the pores relative to the syringe needle and can be accomplished by either varying
the pore size of a specific hydrogel system or by varying the size of the needles used. For
the experiments performed in this thesis, the syringe needle was larger than the relative
pore sizes of the gels studied, but smaller micro-pulled syringe needles could be used to
probe these effects.
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Swelling Effects:

The degree of swelling of a hydrogel directly affects its

mechanical properties. These effects can be easily probed by CR by changing the relative
swelling ability of the solvent and are being carried out by Jun Cui.
Cavitation in biological cells: It has been recently determined that cells on a
surface can change their modulus to match that of their surroundings. They do this by
increasing or decreasing its cytoskeleton content.

Therefore, using syringe needles

smaller than the length scale of the cell, the modulus could be determined to confirm
these observations and could potentially be performed on cells in 3D matrices to show if
these effects are an artifact of 2D culture or if they occur in vivo as well.
Strain energy function: The effect of the strain energy function that is used to
describe the relationship between the amount of elastic energy and the amount of strain
imposed on a given material. The effect of using different strain energy functions is seen
in the exact value of the proportionality constant between E and Pc. Depending upon the
function that is used, this constant ranges in general between 0.5 and 2.0. For this work,
the neo-Hookean relation to characterize the strain energy was used and as the strains
achieved before the cavitation event are small, this seems to be a good approximation.
Studying the growth rate of the bubble after cavitation could provide insights into the
exact strain energy function that might describe each material as strain hardening or
softening effects would be more easily observed in these regimes.

7.3

On microlens arrays

Electrically responsive proteins:

The microlens array technique has also

initiated collaborations between the Crosby research group and other research groups.
83

One such collaboration that developed with Professor Joseph Santos-Sacchi’s group at
Yale University, where they want to study the contractile effects of an electrically
responsive protein that they have isolated from cells in the inner ear.

They have

successfully expressed the protein in prestin cells as they are more durable than the inner
ear cells, but cannot get the cells to express the protein at levels needed in order to detect
their response to electrical stimuli one the single cell level. Therefore growing them on
these dynamic microlens substrates and passing an electric field through them should
enable response detection.
Single cell contractility: The experiments performed in this thesis clearly show
that the presence of cell/cell junctions increases the contractile ability of cell sheets. The
overriding question then, is when does this phenomenon become prominent.

By

decreasing the size of the microwells in the PDMS substrate down to the sizes of single
cells to just a few cells, this critical cell number can be determined.
Modulus/Stiffness effects: As was seen in section 6.8, the cells growning on
substrates of varying stiffness (varying PS thickness) respond by changing their
contractile response. In a similar manner, the cells may respond differently when grown
on substrates of varying modulus. This could be studied by changing the PS layer to
either a poly(acryl amide) or a PDMS layer and varying its crosslinking density. It would
be interesting to see the cell sheet’s response to surfaces of increasing modulus.
Focal adhesion density: The decrease in the cell sheet’s ability to transmit their
contractile forces to the surface as the number of adherens juctions was decreased (by
culturing the epithelial cells in a calcium-free media) suggests that if the number of focal
adhesion is decreased, the contractile ability of the cell sheet will also similarly decrease.
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This could be studied by specifying the number of focal adhesions per unit area on each
microlens by culturing the cells on an untreated PS layer and depositing fibronectin spots
on the film. The relative number as well as the size of the fibronectin spots could be
varied to dictate the exact nature of extracellular connections.
Muscle cell contraction: I have shown in chapter 6 that varying the cell’s
contractile ability results in a change in height of the resultant microlens. Therefore,
muscle cells, that naturally change their own contractile ability could be studied as they
grow to confluency on the substrate. Experiments such as these would be especially
interesting for growing sheets of cardiomyocytes. Single cardiomyocytes will beat at
their own rates until they reach some a degree of confluency on the substrate where the
entire cell sheet will beat together.

This could be easily studied by watching the

contractile response of the cells as they grow on microlens substrate.
Disease and drug screening: It is well known that the mechanical properties of
biological tissues can change with the onset of disease and that some diseases are directly
related to a cell’s ability to contract properly. Culturing cells on these lenses could
provide a quick way to screen for specific diseases as well as to study their effects on the
contractile ability of sheets versus single cells.

Studies such as this could also be

preformed on muscle cells to watch for a change in beating response and determine if the
cells can still beat together with the onset of disease. In the same fashion, cell response to
new drugs could be easily probed similar to the experiments we performed using
nocodazole and latrunculin B.
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APPENDIX A
A.0 AIR AND WATER HYDROGEL FRACTURE USING CR
AIR AND WATER HYDROGEL FRACTURE USING CR
A.1 Introduction

The formation of bubbles, or cavitation, has been studied classically due to its
wide applicability to critical processes, ranging from foaming polymers (87, 88) to the
onset of traumatic damage in biological tissues (89, 90).

For elastic gels, the

pressurization of a defect, as with CR, will cause either a reversible cavitation event as
discussed in Chapters 2-5 or it will cause an irreversible fracture event in the material.
While both deformations occur at a critical pressure, the fracture event results upon the
ultimate failure of the material. From classical fracture mechanics, a fracture event will
occur in a swollen polymer network when the applied energy release rate, G, equals or
exceeds the critical energy release rate, Gc, and the pressure at which this occurs in an
elastic material is (21):
Pf
 Gc 
=  3E 
E



1/2

1
r
 

1/2

A.1

where E is the linear modulus of the material and r is the length of the initial crack, which
in the case of a CR experiment is the inner radius of the syringe.

From equation A.1

and 2.12, it is obvious that the scaling for fracture events and cavitation differ by a factor
of 1/r, where Pf  (1/r)2 and Pc  1/r, where the subscripts f and c refer to fracture and
cavitation, respectively.

In this Appendix, the fracture instability in polyacrylamide

[PAAm] hydrogels as a function of polymer volume fraction using both air and water as
the fracture media is discussed. This quantification in soft materials will provide insights
into the fracture toughness of various materials over a range of length scales.
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A.2 Experimental technique and materials used

PAAm hydrogels are chemically crosslinked gels that are formed by polymerizing
acrylamide monomer and a difunctional crosslinking agent, N,N’-methlenebisacrylamide
[bis], in solution in the presence of both an initiator and a catalyst. These gels are not
uniform in structure as bis polymerizes more rapidly with itself than with acrylamide
(91), leading to bis-rich regions linked together with more lightly crosslinked regions.
The relative pore radius that has been measured in similar PAAm gels ranges anywhere
from an 8 nm to 140 nm depending upon the synthetic method and the analytical method
used. The PAAm hydrogels that were used in this document were prepared using a
standard free radical polymerization technique, where the acrylamide monomer was
mixed with the initiator, N,N,N’,N’-tetramethlyethlenediamine, and the crosslinker. The
samples were degassed with nitrogen for a half an hour at room temperature, the catalyst,
ammonium persulfate, was added, and the reaction was allowed two hours to reach
completion. The percent polymer was varied to obtain gels with different elastic moduli
and the monomer/crosslinker ratio was fixed for all samples at 30 (Bio-Rad, Hercules,
CA). CR experiments were performed as was described in Chapter 2.
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A.3 Air fracture experiments on PAAm hydrogels

Figure A.1 Air fracture in PAAm hydrogels. (a) Pressure history curve of a 10
wt% PAAm gel. (b, c) Images of fracture planes created in a 5 wt% and
a 15 wt% PAAm hydrogel respectively. The outer diameter of the
syringe needle is 210 m.
CR experiments were performed using the 51 m inner radius syringe needle on
PAAm hydrogels and a typical pressure history for an experiment is illustrated for a 10%
PAAm hydrogel in Figure A.1a. At time t = 0, the syringe pump begins compressing the
volume of air system.

Similar to cavitation experiments, the pressure continues to

increase as the volume in the system decreases until the critical pressure is reached as is
seen by a change in the slope of the pressure history curve. Images of the fracture events
that occurred for 5% and 15% PAAm hydrogels are seen in Figure A.1b and c
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respectively. These images clearly illustrate that the instability is not a cavitation event as
was seen for the PVA and PEO-PLA-PEO hydrogels that were tested previously. Work
by Kundu and Crosby goes on to show that there is a cavitation to fracture transition as a
function of both polymer volume fraction and syringe radius for PAAm hydrogels and
prove the transition from the (1/r) dependence of Pc to the (1/r)1/2 dependence of Pf (92).
This transition can be seen in Figure A.2a and A.2b.

Figure A.2 Fracture to cavitation transition. (a) Graph of the square root
dependence of the critical pressure to fracture and of the linear
dependence of the critical pressure to cavitate with increasing syringe
radius. (b) Graph of the fracture to cavitation transition with increasing
polymer volume fraction or increasing syringe radius. Figure taken from
Santanu and Crosby.
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Figure A.3 Water fracture in PAAm hydrogels. (a) Pressure history curve of
fracture in a 5 wt% and a 15 wt% hydrogel. (b) Corresponding images
of the fracture events before and after the critical pressure. Outer
diameter of the syringe needle is 210 m. (c) Graph of critical pressure
for increasing polymer concentration for both air and water fracture.
Fracture experiments using water as the fracture media provide similar pressure
history curves to those resulting from air cavitation, as seen in Figures A.3a.

The

corresponding figures in Figure A.3b show that the pressure increases as the system
volume is compressed with little activity at the tip of the syringe needle before the
instability, and upon fracture the pressure drops suddenly. The most striking difference
between CR experiments when employing water versus air, for fracture and cavitation
experiments is that the critical pressure for fracture is independent of the surface energy
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of the fracture media, Figure A.3c; where it was found in Chapter 4 for cavitation
experiments that using a cavitation media with a lower surface energy relative to the
hydrogel actually decreased Pc.

A.5 Summary

In summary, I have shown that a fracture event will occur upon pressurization
when Pf > Pc.

Accordingly, under these conditions, the critical fracture pressure is

dependent upon a (1/r)1/2 relationship that is independent of the surface energy of the
material. As the length scale tested is associated with the length of the syringe radius, I
anticipate that this technique can be used to investigate the fracture properties at arbitrary
locations within soft materials for a range of applications from food science to biological
tissues. Further experiments using a range of syringe radii need to be performed to
confirm these findings.
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APPENDIX B
B.0 STRESSES DEVELOPED IN BIOLOGICAL CELL SHEETS
STRESSES DEVELOPED IN BIOLOGICAL CELL SHEETS
B.1 Introduction

Tissue engineering is an interdisciplinary field that employs engineering and life
science principles to the development of both natural and synthetic substitutes in order to
restore, maintain, or replace biological tissues (93). Many different strategies have been
developed towards its advancement including that of cell sheet harvesting (94, 95). This
novel technique involves the culturing of a confluent cell layer that can be released from
its substrate without damage to the cells or its extracellular matrix (96, 97). These cell
sheets can then be transplanted as either a single sheet or layered upon one another to
create three-dimensional structures (95, 96). This strategy has been greatly enhanced by
the introduction of the biomaterial polymer, poly(n-isopropyl acrylamide) [PNIPAAm].
At culture temperatures, the cells actively adhere to the PNIPAAm surface and once the
sample temperature is lowered below the lower critical solution temperature [LCST] of
the polymer thin film, 31oC (98), a hydration layer is formed between the cells and the
substrate, allowing the cell sheet to be removed from the culture dish with its native ECM
still intact (99). This process, pioneered by Professor Teruo Okano’s research group,
continues to optimize its application in the field of tissue engineering by studying its use
in many biological organs including: the heart, liver, and kidney (94).

Although

significant research has been done over the past five years, many challenges in fully
understanding the release process of the cell sheets remain. Further understanding will
not only contribute to the extension of this promising strategy, but will provide

92

fundamental insight into biomaterial interfaces. In this section, we describe work that was
done through an eight-week collaboration with Professor Teruo Okano’s research group
at Tokyo Women’s Medical University in Tokyo, Japan. In this work, we proposed two
novel methods for the initial characterization of specific cell sheets and their separation
process from a PNIPAAm coating. These two methods permit the direct measurement of
the cell sheet residual stress and the critical energy release rate of the cell
sheet/PNIPAAm interface.

B.2 Mechanics of cell sheet release

The residual stress [] is related to the stress imposed by the individual cells as
they actively adhere to the PNIPAAm surface. This stress is directly related to the
applied energy release rate, G, the driving force for the separation process of cell sheet
harvesting. The critical energy release rate [Gc] is the interfacial material property that
governs the separation process between two general materials (100).

For G  Gc,

separation proceeds until sufficient energy is released and G < Gc. By characterizing Gc
for cell sheet/PNIPAAm interfaces, we can begin to understand the complex contribution
of both surface and near-surface molecular properties in the attachment and release of
confluent cell sheets. As developed in the characterization of soft, synthetic interfaces,
Gc is not only related to the native surface energies of both materials at the interface, but
it is also related to the storage and loss properties of the molecular network near the
interface and the kinetics of bond association and dissociation at the interface. The
convolution of these individual contributions often leads to values of Gc that are
significantly larger than the surface energy-derived thermodynamic work of adhesion.
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Through the characterization of Gc, we extend the current understanding of the surface
and near-surface contributions of the cell sheet release process, the effect of PNIPAAm
processing conditions on the cell sheet release process, and the impact of geometry on the
cell sheet harvesting procedures. This latter point will potentially have the greatest
impact on the short-term advance of cell sheet engineering. By describing the interfacial
separation with Gc, we will be able to use well-established strategies of interfacial
fracture mechanics to facilitate the extension of cell-sheet harvesting to more complex
geometries. This development will aid in the use of cell sheet engineering for a larger
array of engineered tissues.

B.2.1 Residual Stress

In order to determine the residual stress in various cell sheets, we take advantage
of the natural release process in cell sheet harvesting and use simple beam bending
measurements to quantify the sheet’s ability to bend a thin film. The cell sheet’s ability
to bend thin films arises from the inherent contractile nature of biological cells and is
clearly seen during the release process of the cell sheets from the surface. During this
process, the cells and their ECM, which are originally adhered to the PNIPAAm
substrate, begin to detach. As detachment proceeds, the detached cell sheet shrinks until
the cell sheet is almost one quarter its original size. By adhering the cell sheet to a
confining layer of variable bending stiffness, these residual stresses in the cell sheet can
be measured.
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Figure B.1 Image of the global and local wavelengths that could occur as a
result of the residual stress in the cell sheet.
This release and transfer process of the cell sheets onto other surfaces has been
previously described by Hirose et al., where they use the common practice of placing a
polyvinylidenflouride [PVDF] membrane on top of the cell sheet prior to release. The
PVDF membrane has a large bending stiffness, which prevents curling or bending of the
cell sheet/membrane pair.

By using instead a material with a low enough bending

stiffness, the residual stresses in the cell sheet would be enough to bend the cell
sheet/membrane pair. In fact, for different values of bending stiffness for the confining
membrane, multiple wavelengths of bending will result. The two wavelengths can be
described as global and local wavelengths, Figure B.1. The curvature of the global
wavelength is related to the residual stress of the confluent cell sheet by the bending
stiffness of the confining layer:
Eh
= R

B.1

where E is the elastic modulus of the confining layer, h is the thickness of this layer, and
R is the curvature of the global wavelength. The local wavelength is controlled by the
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modulus mismatch of the cell sheet and confining membrane and the thickness of the
membrane (101):
 Ec 
l =2h

3EPS 

1/3

B.2

where l is the local wavelength, h is the cell sheet thickness, and E is the effective
modulus, where the subscripts c and PS denote the cell sheet and PS layers, respectively.
Therefore, if the bending stiffness of the confining membrane, which in this case is PS, is
known, both the cell sheet residual stress and the effective modulus of the cell sheet can
be determined.

B.2.2 Critical energy release rate

To quantify Gc for the PNIPAAm/cell sheet interface, we use an experiment
similar to the one described above for the measurement of the residual stress. The
primary difference is the thickness of the PS membrane that confines the cell sheet prior
to release. For the measurement of Gc, this membrane is thicker than the films used in the
residual stress measurement, but the overall bending stiffness is less than the stiffness of
the PVDF membranes used by Hirose. For these membranes, the separation and curling
of the cell sheet/membrane composite commences upon lowering the temperature, but
unlike in the previous section, complete separation does not occur (Figure B.1).
Separation is stopped when the applied energy driving force (associated with ) balances
the Gc of the interface. This balance point is related to , the properties of the confining
membrane (KE, Poisson’s ration, and thickness), and the attached segment length, b
(102):
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2b2
Gc = 2K

B.3

Therefore, optical measurements of b (Figure B.1) and the measurements of  and E from
the previous section are used directly to quantify Gc. We are confident in finding these
conditions due to the limits reported, i.e. complete release for no confining membrane and
halted separation for cell sheets confined by PVDF membranes.

B.3 Experimental Technique

B.3.1 Preparation of the confining layer

The PS/cell sheet pairs are prepared as is illustrated in Figure B.2. To start, the
PS thin films are made by spincoating a PS/toluene solution at 4000 rpm for 30 s on glass
slides that had been oxygen plasma treated for three minutes to increase hydrophilicity of
the surface and allow for easy removal of the PS thin film from the glass slide (Figure
B.2.1). The thickness of the dried polystyrene films is measured with an interferometer
(Filmetrics) to be approximately 255 nm. The PS film is cut into strips, 0.5 cm by 2 cm,
and then floated off in DI-water and picked up with a PVDF membrane (Figure B.2.2 and
B.2.3). Both sides of the PS thin film are then treated to increase the hydrophilicity to
promote cellular adhesion on one side and to aid in thin film submersion (Figure B.2.4).
To achieve this, the PS was oxygen plasma treated for six minutes and then floated on
fetal bovine solution [FBS] overnight. The FBS is then removed from the sample and the
PS is lowered onto the PVDF membrane. The PVDF membrane is then cut to the
dimensions of the PS thin film that is on its surface.
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Figure B.2 Experimental procedure to produce the cell sheet/PS pair.
B.3.2 Cell culture and reagents

Bovine aortic endothelial cells are cultured in Eagle’s minimal essential medium
with 10% fetal calf serum and 1% P/S solution. Cell replating is achieved by washing the
cells with 5 mL of phosphate buffered solution two times, introduced to 1 mL of a 0.25%
trypsin – 0.02% EDTA solution, and incubated for five minutes at 37oC. An aliquot of
cells is then removed from the culture dish and replated in a new dish with fresh culture
media. Culture media is changed every three to four days in culture during cell sheet
formation. Both cell types are grown in a 5% CO2 atmosphere at 37oC on PNIPAAm
treated culture dishes. These dishes where selectively treated with PDMAAm to prevent
cell growth in the region of treatment and to direct cell growth to the rectangular size
desired. A similar method was used in our labs whereby a crosslinked poly(dimethyl
siloxane) [PDMS] (Sylgard 184) was molded to have an open rectangular hole in the
center with subsequent cell culture in the center. Cell culture was shown to only occur in
the open areas as is seen in Figure B.3.
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Figure B.3 Images of patterned fibroblasts on the a PS tissue culture dish.
Once the cells were confluent, the media was removed from the culture dish and a
PVDF membrane was laid on top of the cells and put in an incubator at 37oC for two
hours to allow for some attachment of the cell sheet to the membrane. The sample was
then moved to an incubator at 21oC incubator for 20 min. This process allowed the cell
sheet to detach from the PNIPAAm substrate and adhere to the PVDF membrane for
transportation. This step is critical to the success of the procedure as the basal side of the
cell sheets display a greater adhesion than the top-side of the sheets. This phenomenon
arises because the cells deposit a layer of extracellular matrix on the side to which they
are actively adhering or in other words to the basal side that is attached to the PNIPAAm.
This extracellular matrix contains adhesive proteins that allow for local junction points to
be made between the cell sheet and a substrate.

B.3.3 Preparation of cell sheet/PS pair and measurement of sample bending

Once the PS thin film and the cell sheet were prepared, the PS/PVDF samples
were placed PS side down onto the basal side of the cell sheet (Figure B.2.5). The cell
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sheet was cut around the PS/PVDF sample and placed in the incubator at 37oC for 2 hours
to allow the cell sheet to attach to the PS surface (Figure B.2.6). Culture media (DMEM)
was then added to fill the culture dish and the PVDF membranes were slowly removed
from the top and bottom of the PS/cell sheet pair (Figure B.2.7 and Figure B.2.8).
Images of the resultant membrane were taken with a camera (Canon) attached to
the objective of an inverted microscope. The length scale was determined by comparing
to an image of a micrometer.

B.4 Bending of cell sheets

Figure B.4 Images of the cell sheet/PS pair after removal from the substrate.
(a) Image taken five minutes after removal. (b) Image taken 22 hours
after removal. Scale bar is 1 mm.
After the cell sheet/PS samples are released from the PVDF membranes, the
internal stress of the cells is no longer balanced by the stiffer substrate. Due to the
presence of this internal, residual stress, the cell sheets want to contract. The confining,
flexible PS layer that is attached to the cell sheet prevents this contraction and instead, the
samples bend as seen in Figure B.4a. With time, the contractile force increases and a
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decreased radius of curvature of the sample is seen, as in the second image in Figure
B.4b. Using the radius of curvature, R, of the cell sheet/PS sample and a thickness and
modulus value of the PS sheet of 522 nm and 3.3 GPa, a simple beam bending analysis
can be employed to determine the residual stress of the cell sheet (Equation B.1). At
early times the initial stress is 21  0.6 kPa and after 24 hours the equilibrium stress
developed by the cell sheet is 37  0.1 kPa.
To illustrate the forces the cells can achieve, a sample was made where the cell
sheet was not cut to the same size as the PS confining layer, Figure B.5. As is seen in this
figure, the cells overall want to bend the PS inward to obtain the curvature seen in the last
figure. It can be seen in this figure though, that at both ends of the PS/cell sheet pair, a
higher radius of curvature is achieved as compared to the overall sample, and in the
middle region, there is a segment that curves in the opposite direction as compared to the
rest of the sample. This image shows the incredible deformation power these cells sheets
can incur, as excess cell sheet contraction can cause unique deformations in the cell
sheet/PS pair.

Figure B.5 Image of a cell sheet/PS pair where the cell sheet was larger than the
PS sheet in areas. Scale bar is 1 mm.
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B.5 Summary

Further work in this study needs to be performed in order to obtain more
confidence in the stresses measured and determine a PS thickness to successfully
determine the critical energy release rate. The knowledge of the residual stress will allow
us to further probe other mechanical properties such as the critical energy release rate.
Through this characterization, we will be able to extend the current understanding of the
surface and near-surface contributions to the cell sheet release process, the effect of
PNIPAAm processing conditions on the cell sheet release process, and the impact of
geometry on the cell sheet harvesting procedures.
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